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Abstract  
 
The dewatering of low percent solids wastes from tailings ponds, harbors, and waterways 
presents a challenge in the U.S. and abroad, given the vast amounts that need to be dewatered 
annually. The United Stated Corps of Engineers estimate about 8.5x109 ft3 of dredged sediments 
are removed annually in order to keep waterways functional.  Dewatering may be achieved with 
the aid of high strength synthetic textiles, such as geotextiles, which may be sewn lengthwise to 
form a geotextile tube. Typically, dredged material is mixed with flocculants such as 
polyacrylamide (PAM), and then pumped into geotextile tubes. In doing so, the flocculants 
promote aggregation of the particulates, which increases the sedimentation rate and allows for 
water to drain more freely and quickly through the porous geotextile. The use of geotextile tubes 
and flocculants are well established in literature and practice, and although many studies have 
been carried out on sediment-flocculent interactions, few studies have considered role of 
sediment properties on its interactions with geotextile tubes, sedimentation behavior, 
compressibility of the sediments, and filtration within the context of geotextile tube dewatering. 
In order to gain a more comprehensive understanding of the system, this study characterized 15 
dredged sediments from across the U.S. and Canada, and 5 standard materials both chemically 
(zeta potential, particle charge density, carbon nitrogen ratio, pH, organic content, and cation 
exchange capacity), and physically (grain size distribution, specific gravity, specific surface 
area), and then conducted performance tests (sedimentation test, jar tests, centrifuge tests, and 
pressure filtration) as a way to understand how different sediment properties affect its 
performance within the context of geotextile tube dewatering. Additionally, the performance 
 
 
tests were conducted using the sediments with and without flocculants (low-, med- high- charge 
density PAM). 
In conducting this study, the chemical properties of the sediments were not found to be 
prominent indicators of their performance as opposed to the physical parameters. Additionally, 
the use of flocculants were found to increase the compressibility of the sediments and hasten the 
dewatering rate, while at the same time slightly increasing the volume of the sediments.  
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    [Percent Solids]   (eq. 25) 
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2𝑅
)   [Yield Stress]    (eq. 26) 
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  [Volume fraction of solution]  (eq. 27) 
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   [Volume Fraction in centrifuge] (eq. 28) 
𝜎 =
𝐶𝐸𝐶
𝑆𝑆𝐴
     [Particle Charge Density]  (eq. 29) 
𝜙 =
𝑉𝑠𝑜𝑙𝑖𝑑
𝑉𝑡𝑜𝑡
= 1 −  𝑛    [Relation for porosity and vol. frac.] (eq. 30) 
𝑒 =  
𝑛
1− 𝑛
     [Void Ratio]    (eq. 31) 
𝑃𝑦(𝜙) ∝ 𝑐 ∗ [(
𝜙
𝜙𝑔
)
𝑚
− 1]    [Yield Stress]     (eq. 32) 
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Chapter 1 Introduction 
 
1.1 Problem Statement and Purpose of Study 
Within the United States there is a large push for an easy and safe way of disposing and 
managing industrial wastes. A large portion of these industrial wastes are in the form of low 
percent-solids sediments, meaning that the solids in solution may range between 1 and 35%. 
Waste produced by many industries are quite variable and include dredged sediments, mine 
tailings, municipal sewage, agriculture and food production waste just to name a few. The most 
notable contributor to these low percent-solids sediments is the dredging industry (Moo-Young 
2002). According to the United States Army Corps of Engineers (USACE), 250 million cubic 
meters [8.829 x 109 ft3] of dredged sediment needs to be removed every year as a way to 
maintain waterways and ports in proper working conditions (Moo-Young 2002). Fortunately, 
approximately 90% of this dredged material is considered to be uncontaminated and may 
therefore be repurposed (Winfield 1999). As can be imagined, these dredged sediments come 
from many different industries, and must therefore vary in properties. Dredging operations 
handle sediments with highly variable organic contents, plasticity, cohesion, and gradations. The 
variable nature of these sediments makes it hard for the implementation of a simple management 
solution. 
In the past, low percent-solids sediments have been treated by allowing the solids to settle in 
sedimentation ponds. Settling is the process by which the suspended particulates fall out of 
suspension. Although this is a very simple and cost effective technique, it is not practical for 
operations that handle very fine particulates, since these would require tremendous amounts of 
time before sufficient settling would take place, additionally, large area requirements are 
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associated with settling ponds. A second approach favored by industry is to flocculate and 
coagulate the suspension. This entails adding varying chemicals into the solution to promote the 
flocculation or aggregation of individual particles. This newly formed larger floc will then be 
able to settle out of suspension at an expedited rate. This method is more expensive, but time 
effective. Unfortunately, some of these chemicals may pose a threat to different environments if 
they are spilled into river systems or bodies of water. Other methods include the belt filter press, 
which runs the slurry between two porous belts, thus squeezing out the water, and centrifuges, 
which take advantage of centrifugal forces to separate sediments out of the water. This method is 
time effective, but requires large amounts of energy and mechanical upkeep to run the machine 
(Newman et al. 2004) 
These approaches for handling low percent-solids sediments are viable for certain industries such 
as the waste water industry, but prove unfeasible for other industries to adopt. Instead, over the 
last twenty years, a different method has come into practice by the aid of high-strength textiles; 
geotextiles. Use of high-strength geotextiles is growing rapidly, finding new applications in 
various industries. Geotextiles are essentially fabric materials made from various polymers such 
as High Density Polyethylene (HDPE), Polyvinylchloride (PVC), Polypropylene (PP), Polyester 
(PE), and more recently a combination of these polymers with natural fibers such as jute. 
Geotextiles used for engineering applications are generally woven, non-woven or a combination 
of woven and non-woven. Many of the physical, hydraulic, and mechanical properties of the 
geotextile depend on the weave pattern. 
As mentioned previously, many industries are finding ways to adapt geotextiles for their benefit. 
One common application in which geotextiles have been used to facilitate in the disposal of low 
percent-solids wastes is to turn them into geotextile tubes. In order to turn a geotextile into a 
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geotextile tube, they stitch the geotextile lengthwise to create the cylindrical shape. These 
typically range in length between 15 and 100m [50 – 330 ft], with typical length-to-
circumference ratios between 5 and 30 (Koerner and Koerner 2010).These geotextile tubes are 
then placed on a permeable base, and the low percent-solids slurry material is pumped into the 
tube. As the slurry is pumped into the geotextile tube, much of the excess water rapidly drains 
through the geotextile, and over time, due to self-weight, gravity and consolidation of the 
sediments, much of the water within the slurry will also drain through the tube. This diminished 
water content is usually coupled with a gain in shear strength of the solids, thus also allowing for 
easier handling and disposal of the sediments. 
Unfortunately, current practice involves significant amounts of guesswork when it comes to 
estimating the number of geotextile tubes required for particular projects, and for estimating the 
amount of time required before a target water content of the retained solids is achieved. Although 
geotextile tube dewatering is much faster than sedimentation ponds, it is often coupled with 
chemical conditioners in order to further expedite the dewatering process. Chemical conditioners 
may be in the form of coagulants such as lime, or flocculants such as polyacrylamide (PAM).  
The selection of these chemical conditioners is based on trial and error by consultants who 
specialize in their selection.  
As industries push to save money and to optimize the dewatering of low percent-solids 
sediments, prior knowledge about the nature of the slurry, space constraints, and time 
requirements are a must. In addition, knowledge about the initial volume, percent-solids and the 
reduction in water content after dewatering are also crucial, along with knowledge of the time 
frame required to achieve certain targets. Currently, many different bench scale tests are 
performed as a way to tease out useful information regarding the chemical conditioners to 
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optimize the dewatering rate, the type of geotextile, and time frames for water content 
reductions. For the most part, these tests are not standardized or are currently being developed. 
These test methods rely on trial and error tactics rather than prior knowledge about the dominant 
variables in influencing the performance of these slurries. Additionally, different industries 
define a project as being successful by differing criteria. For some industries the main priority 
may be filtration, in which case, ensuring that the particulates are not allowed to escape through 
the geotextile tube is more important that the reduction in water content. For other applications, 
dewatering may be the principal objective, and thus the time of dewatering may be a crucial 
factor.  
1.2 Rationale of Study 
As mentioned previously, there are many unknowns when it comes to the design and 
implementation of geotextile tubes for dewatering applications. Although a significant research 
has been carried out by many experts in different fields, such as soil scientists, geotechnical and 
geosynthetic engineers, polymer scientists, and even the geotextile industries in order to come up 
with standard practices, no research project has looked at the problem in its entirety. The 
geotechnical and geosynthetic engineers usually focus on the filtration capacity, percent 
dewatered, and various physical properties of the sediments. The soil scientists on the other hand 
focus more on the mineralogical effects on polymer adsorptions, whereas polymer scientists 
focus on the sediment-polymer interactions. All of these provide insight to the solution, but fail 
to provide a better understanding of the dominating variables which govern geotextile tube 
dewatering and filtration.  
Additionally, current performance tests available to study soil slurries and geotextiles with soil 
conditioners are not capable of providing definitive information of the full-scale performance of 
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a geotextile tube. Many times, the success of a project is based on whether or not a target volume 
reduction is achieved, and if the time criteria defined by the project requirements are met (Yee 
and Lawson 2012). Therefore, it is critical to relate soil properties with performance in such a 
way that the full-scale performance may be interpreted. The Environmental Protection Agency 
(EPA) and the U.S. Corps of Engineers (USACE) estimate that each year, approximately 600 – 
900 x 106 ft3 of sediments are dredged from U.S. ports, harbors, and waterways (EPA and 
USACE 2007). This volume represent only a fraction of the total volume of materials that may 
be dewatered by geotextile tubes, given that the mining industry, the agricultural industry, and 
even waste water treatment plants employ geotextile tubes regularly. Given the need to dewater 
such vast amounts of wastes and dredged sediments, a more systematic approach is needed to 
better understand the role of sediment properties on its interactions with geotextile tubes, 
sedimentation behavior, compressibility of the sediments, and filtration as a way to better 
understand the system as a whole. 
1.3 Scope of study  
In order to achieve the goal of merging theory, practice, and develop a better way to estimate the 
sedimentation and filtration behavior of dredged sediments and mine tailings based on their 
physicochemical characteristics, 15 dredged materials from across the U.S and Canada, along 
with 5 standard materials were selected for this study. The 15 dredged materials include river 
sediments, pond sediments, mine tailings, and flue gas desulfurizers (FGD). The standard 
materials include Kaolin Clay, Ottawa Sand, Tully Silt, and Elliot Silt Loam. The 20 study 
sediments are characterized both chemically and physically. Additionally, these sediments were 
chemically conditioned with cationic polyacrylamide (C-PAM) of varying charge densities (low-
, med-, and high-) in order to ascertain information regarding the effect of charge density (CD) 
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on the compressibility and dewatering behavior of these sediments. The performance tests 
conducted in this study include the centrifuge test, which aims to measure the gelation point (or 
gel point) and compressibility of the sediment, and the pressure filtration test (PFT), which 
measures the turbidity of the effluent, the filtration efficiency and percent dewatering of the soil.  
In addition, parametric centrifuge and PFT tests were conducted on glass beads, Ottawa Sand, 
and Tully Silt fractions to fully understand the influence of soil gradation and particle shape on 
the compressibility of sediments.  
The overall goal of this study is to investigate the role of physical and chemical properties of 
sediments on their sedimentation, compressibility and dewatering behavior within the context of 
a geotextile tube. 
1.4 Organization of Thesis 
The introductory chapter has provided an initial framework about the geotextile tube dewatering 
application, current industry practice, and the merit of this study. Chapter 2 presents a review of 
literature on current industry practices, different bench-scale tests, case histories, chemical 
conditioners and their interaction with sediments, and a background on the theory of filtration 
and dewatering. Chapter 3 describes the test procedures, and provides the properties of the 
sediments, the chemical conditioners, and the geotextile used in this study. The test results are 
presented in Chapter 4 and 5. The former describes the physical and chemical properties of the 
different sediments, while the latter presents the behavior of the sediments in performance tests. 
Chapter 6 presents a discussion and the conclusions of this study. 
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Chapter 2 Literature Review 
 
2.1 Current Industry Practices 
There are various types of industries that utilize geotextile tube technologies for dewatering 
sediment wastes. These industries include agricultural, industrial, municipal, and environmental 
industries. Geotextile tubes have also been used as structural elements to build berms, levees, 
and breakwaters, they have also been successfully used to contain and consolidate contaminated 
sediments, and other times just to consolidate and dewater sediments before disposal (Mastin and 
Lebster 2009, Groh and Mastin 2011). For dewatering applications, the main consideration is the 
nature of the fine fraction (% < 0.075 mm) of the sediment. The greater the fines fraction of the 
sediment, the slower the dewatering time will be, and the weaker the shear strength of the 
sediments contained in the geotextile tube system will be, even with the added benefit of 
confinement provided by the geotextile. In situations where the fines fraction exceeds some 
arbitrarily defined limit or time is a major factor, chemical conditioning is implemented. This 
chemical conditioner is either a coagulant or a flocculating agent, and is used to decrease the 
settling time of the slurry, promote aggregation, expedite the release of free water from the 
sediment slurry, and retain the fines fraction within the geotextile tube. 
In order to optimize the dewatering operation, often representative samples of the sediment 
slurry is sent out to a consultant that specializes in the application of chemicals for flocculation, 
sedimentation and dewatering. They, in turn, perform various performance tests on the slurry in 
order to acquire a better idea as to how the dewatering operation will perform at full-scale. These 
performance tests are of two types, the first being bench-scale tests and the second, medium-
scale tests. The bench-scale tests are performed on small representative samples of the slurry. 
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These tests are performed in order to 1) characterize the slurry and 2) narrow down a chemical 
conditioner that works with the stipulated project guidelines (end-use of the sediment, time 
restrictions, budget restrictions, etc.). Once the bench-scale tests have been conducted, medium-
scale tests may be performed such as the Hanging Bag Test (HBT) and the geotextile dewatering 
test (GDT). The bench-scale tests aims at producing representative data to estimate the full-scale 
performance, and confirm the findings of the bench-scale tests. However, these tests offer no 
precise result that can be used to predict the dewatering time and the water content of the 
sediments within the geotextile tube. Therefore, a well versed engineer or consultant is required 
to interpret the results and come up with reasonable estimates for the actual dewatering time of 
the project, pumping schedules, and percent solids in the geotextile tube after dewatering. In 
some instances, pilot scale tests are performed prior to the commencement of the actual project, 
in order to better estimate the full-scale behavior of the geotextile tube and sediments.  
As mentioned previously, all of these tests depend on the type of industry and the end-goal of the 
operation. Winfield (1999) estimates that approximately 90% of the sediments dredged from 
waterways are considered uncontaminated and may be repurposed. Potential repurposing 
includes using the sediments as subgrade fill, in landscaping, in landfill covers, brownfield 
covers, for erosion control, bank stabilizers, and in dike and berm constructions. Operations 
which dewater sediments consisting mostly of the coarse grained fraction are well suited for 
structural types of repurposing, rarely require chemical conditioning, and require the least 
amount of bench-scale testing. On the other hand, operations which deal with high amounts of 
silts, clays, organic matter, and wastes, require performance testing and environmental toxicity 
testing. In most operations, the effluent water from the geotextile tubes runs off back to its 
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original body of water, and thus effluent quality may be of concern, although post treatment of 
the water is another alternative.  
The next step after the required testing is completed is the actual dredging operation. In most 
cases an area is cordoned off and prepared for the operation. This prep-work consists of creating 
a slight slope in order to conduct effluent water back to a central location. The slope may be 
lined if the effluent is considered polluted and should therefore be treated. Above the slope and 
the liner, a permeable bed is placed; this bed is flat and will safely hold up the geotextile tubes, 
while allowing the effluent to drain through the bed and be transported by gravity back to a 
central location or receiving body of water.  
The actual operation consists of dredging the sediments at a given percent solids concentration 
and adding a predetermined concentration of chemical conditioners if required, prior to pumping 
the sediments into the geotextile tubes. The geotextile tube will then swell as they fill up with the 
slurry, and free water will drain through the openings in the geotextile (Figure 1a). The free 
water will then run off the sides of the tube, through the porous bed, and will be either collected 
for treatment or sent back to its original body of water. Meanwhile, within the geotextile tube, a 
series of mechanisms take place in parallel. As the slurry is pumped into the tube, the larger 
particles in the sediment will settle out of suspension faster and begin creating what is known as 
a filter cake. The filter cake is defined as the material that builds up on the interface of the 
geotextile. The filter cake would be on the inside-face of the geotextile tube, and as this filter 
cake builds up, it begins to govern the flow of water through the system. As the larger particles 
settle out of suspension within the geotextile tube, some of the particles smaller than the opening 
size of the geotextile come out of the tube with free water. Over time, a filter cake continues to 
be formed, which is permeable and may also inhibit the further loss of the finer fraction of   
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Figure 1: Schematic showing the various stages of the geotextile tube operation: (a) initial 
filling of the tube, (b) initial dewatering phase, (c) end of initial dewatering phase, (d) subsequent 
filling, (e) subsequent drawdown, and (f) final filling (Yee and Lawson 2012) 
Figure 2: Schematic of a geotextile tube's contained volume over time for an operation with 
4 fillings (Lawson 2008) 
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sediments. This filter cake extends from the face of the geotextile all the way to the center, where 
it has highest water content, and consists of the finer fraction of the soil. Due to these 
mechanisms, the contained volume of the geotextile tube increases rapidly during the filling 
process, then as the free water drains, it enters the dewatering stage (Figure 1b). Lastly, once all 
the free water has drained, the slurry will begin to consolidate due to self-induced pressures, and 
will expel additional water (Figure 1c). Figure 1 details the progression from initial filling to the 
end of the nth dewatering phase. Figure 2 presents a schematic of the contained volume 
reductions over time for a four-fill operation. Filling operations may entail 4 – 6 fillings of a 
geotextile tube over the course of the entire project (Lawson 2008). In doing so, the volume is 
never allowed to exceed a specific value, measured by a specified safe height for the given 
geotextile tube. For a more complete schematic of the entire process (Figure 2). 
This process of dewatering will continue after the pump has been shut off, and will be driven by 
the internal pressures associated with self-weight. As the dewatering phase is occurring, it is 
simultaneously increasing the percent solids within the geotextile tube, thereby reducing the size, 
and increasing the strength of the filter cake. During any filling of the geotextile tube, care is 
taken so that the height of the tube (Ht) to diameter (Dt) ratio (Ht/Dt) does not exceed a specified 
ratio, since it will increase the circumferential tension significantly, which may result in a failure 
(Lawson 2008). This safe height is determined by the diameter of tube and the geotextile’s 
tensile strength. As the diameter of the tube increases, it will require a lower Ht/Dt ratio. Once 
this ratio surpasses 0.4, the circumferential tension begins to increase significantly (Lawson 
2008). Once the final fill has occurred and the predetermined percent solids concentration has 
been reached, the geotextile tube may be shipped off for disposal or sealed off and capped, 
depending on the end-use of the sediments.  
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2.2 Case Studies on Geotextile Tube Dewatering 
Geotextile tubes are used around the world in dewatering and containment operations. They 
provide a cost-effective means of operation and allow for in-situ treatment of polluted slurries. A 
few select case studies are presented below, showcasing how geotextile tubes have been used in 
various dewatering applications. 
Tom Stephens (2001) describes a dewatering and containment operation of contaminated 
sediments in the Canal do Fundão, Guanabara Bay, Rio de Janaeiro Brazil. The canal is an 
artificial estuary created in 1951 by Petrobrás as part of a land reform project. As an artificial 
estuary, it diverted the natural flow of water, which led to a slow accumulation of marine 
sediments and raw sewage. The combination of marine sediments, garbage, foul odors, and 
visual disturbance eventually prompted a response. The response came in the form of a 
geotextile tube dewatering program equipped with polyelectrolytes (coagulants) in order to 
expedite the dewatering process, followed by capping and land restoration. The total dredging 
volume to be handled was 2.0 x 106 m3 [1.2 x 1011 ft3] and consisted of 40% fines by mass, no 
grain size distribution was provided, and the only indication of the sediment type or consistency 
came by mentioning the buildup of raw sewage. Furthermore, no data was provided regarding 
the nature of the polyelectrolytes (type, charge or molecular weight), although the wording 
suggests cationic, and no information was provided regarding the nature of the geotextile tube 
(material type and tensile strength, etc...). 
The operation included the creation of two lined dewatering cells that would eventually serve as 
the location for capping. The pumping rate for cell #1 ranged between 350 and 700 m3/hr. [21 – 
43 x 106 ft3/hr.], where 20 geotextile tubes consisting of a 36.6 m [120ft] circumference of 
varying lengths were employed. The operation lasted for 6 months, and consisted of a continuous 
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6-day per week pumping schedule with a daily 2-hr system maintenance check. The filling of the 
geotextile tubes occurred in succession, meaning that once tube #1 was filled to a specified 
height, tube #2 would be filled. This would continue, and return back to tube #1 once tube #20 
was filled. This rotation allowed for enough water to drain out of each tube before a second 
filling occurred, thus increasing the percent solid content of the contained sediments for the 
individual tube and decreased the contained volume prior to the second filling. At the end of the 
operation, the percent solids in each geotextile tube ranged between 49% and 68%, and averaged 
at 57%, a value slightly higher than the predicted 55% from GDT testing. This project was 
deemed successful by all parties involved by processing the 2 million cubic meters of dredged 
material in six months, and also achieving the effluent standards dictated by Brazil’s CONAMA 
(Conselho Nacional do Meio Ambiente [National Council for the Environment]). 
Another geotextile tube success story took place in 2011, when Walter and Son Waste Hauling 
were employed to dredge about 12,000 m3 [730 x 106 ft3] of river sediments consisting of 
organics, silts, clays, and sand next to the La Crosse Wisconsin Municipal Airport, with an in-
situ concentration of 25% solids by mass (Groh and Mastin 2011). No specifics were provided 
about the nature of the sediments. This project allowed for the subsequent backfill and taxiway 
construction at the airport. Unlike the Canal do Fondão project, preliminary testing consisted of 
hanging bag tests (HBT), instead of the geotube dewatering test (GDT). The HBT in this project 
consisted of pouring 95 – 190 L [5.8 – 11.6 x 103 ft3] of representative sample, preconditioned 
with an organic coagulant and an anionic flocculent, into different geotextile bags. No specifics 
were provided as to the specific flocculent or coagulant used. By dewatering the conditioned 
slurry in the HBT, the percent solids concentration increased from 2.9% to 51% solids after a 24-
hr period, which was comparable to the required final concentration. Once preliminary testing 
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was completed, 15 polypropylene geotextile tubes with a circumference of 18.3 m [60 ft] and 
length of 61 m [200 ft] were set in place to receive the dredged material. The total time 
requirement from mobilization to demobilization was 60 days, with 10-12 hr dredging hours per 
day. The dredging rate was fixed at 7.5 L/min [460 ft3/min], and an inline solids concentration no 
greater than 12% solids was recommended in order to ensure proper mixing of the chemical 
conditioners. The project also implemented a 3-layer fill on some of the geotextile tubes, 
meaning that they were filled three times in order to avoid stacking the tubes, due to space 
constraints. This project was considered a success, given that it met the desired time frame, final 
solids concentration, and the effluents did not exceed the turbidity limits set by the Wisconsin 
Department of Natural Resources (DNR). 
These two case histories are examples of successful dewatering projects. Geotextile tubes, 
although not a new technology, are becoming increasingly popular, meaning that inexperienced 
contractors may offer to take on a project, and oversights may occur. Geotextile tubes suffer 
from project specific and constant internal/external modes of failure (Lawson 2008). The internal 
modes of failure include skin rupture, excessive loss of sediment through the geotextile, turbid or 
contaminated effluent, and extreme deformations of the contained fill. The external modes of 
failure may include sliding stability, overturning stability, bearing stability, global stability, 
settlement of the foundation and scour of the foundation (Lawson 2008). Although not all of 
these failure modes are present at every job, they serve to illustrate how an untrained or 
inexperienced contractor may end up increasing the risk of failure.  
2.3 Geotextile Tube Materials  
Geosynthetic is the name given to a family of planar products manufactured from polymer 
materials, and used in soil or any other geotechnical engineering related material. Geotextiles are 
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a subgroup of the geosynthetic family of products. The polymers used include for these products 
include polypropylene (PP), polyvinyl chloride (PVC), polyester (PE), and high-density 
polyethylene (HDPE), although some geosynthetics products are now composed of composites, 
using natural fibers such as jute and coir.  
Geotextiles, a subgroup of the geosynthetic family, and are made up of woven, non-woven, and 
knitted fabrics manufactured using the same polymeric materials. Additionally, fillers and 
additives are used with polymers to serve as anti-static lubricants, biocides, and anti-corrosion 
agents (Koerner 2005). Geotextiles are used as separators, filters, and reinforcement (Koerner 
2012).  
More specifically, for dewatering operations, they are constructed into geotextile tubes by 
sewing the geotextile lengthwise to specified circumferences and lengths. Geotextile tubes are 
typically between 15 and 100 m [50 – 330 ft] long and typical length-to-circumference ratios are 
between 5 and 30 (Koerner and Koerner 2010). In this application the most important 
mechanical properties of the geotextile are the tensile strength and the seam strength. As the 
geotextile tube is filled with sediment, circumferential and longitudinal stresses are developed. 
These stresses depend both on the nature of the sediment (i.e.: specific gravity and water 
content), and the shape of the geotextile tube, with the largest stresses being developed at the 
location of greatest curvature, which is usually found on the sides of the geotextile tube where it 
separates from the ground (Cantré 2002) 
Other important considerations when designing for a geotextile tube operation are the hydraulic 
properties of the geotextile which affect the dewatering rate of the slurry, such as the pore 
opening, permittivity, percent open area, and porosity.  The most commonly utilized design 
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parameter is the apparent opening size (AOS), which describes the largest pore of the geotextile. 
The AOS describes the pore size at which 95 percent of the pores are smaller, utilizing a dry-
sieve method, although a wet-sieving and hydrodynamic sieving are also used, but they are 
referred to as the equivalent opening size (EOS) and filtration opening size (FOS), these more 
accurately represent what would occur during the filtration process (Bhatia and Smith 1996). 
Table 1 provides a list of the hydraulic properties of geotextiles typically used in geotextile tube 
dewatering operations. 
Table 1: Summary of Typical Hydraulic Properties of Geotextiles used for 
Geotextile Tubes 
Geotextile property Range of Values1 Units 
Wide Width Tensile Strength 78.8 – 180 kN/m 
Seam Strength 70 – 102 kN/m 
AOS 0.43 – 0.60 mm 
Mass per Unit Area 585 – 1119 gm/m2 
Thickness 1.8 - 3 mm 
Circumference 4.3 – 30.2 m 
Note: 1 = Data obtained from various manufacturers’ brochures:  
   - TenCate Geosynthetics, Inc. - Tensar International Corp. 
   - Geo-Synthetics, LLC  - Ace Geosynthetics 
 
2.4 Properties of Geotextiles and Sediments that affect the dewatering performance 
Within the realm of dewatering applications, there are three main uses for geotextile tubes; 1) 
Dewatering slurried sands for beach protection or erosion control, 2) Dewatering dredged silts 
and clays from harbors, rivers or pond sediments, 3) Dewatering and decontaminating polluted 
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sediments from harbors, rivers, ponds or industrial processes (Fowler et al. 1995, Lawson 2008, 
Koerner 2010). 
As in any application, the resulting performance of the geotextile tubes may vary for differing 
reasons. The most common issues surrounding the dewatering performance of geotextile tubes 
may be attributed to the following: the geotextile selection, the selection of conditioning agents, 
and the selection of decontaminants such as activated carbon for projects containing polluted 
sediments. These variables depend on the nature of the slurry material, therefore the performance 
of the geotextile tube is hard to predict without prior knowledge of the sediment properties. 
Geotextile selection is an important aspect of any geotextile tube dewatering project. Proper 
selection will ensure that dewatering will occur with minimal loss of fines, therefore it serves its 
filtration requirements, and will also ensure the strength requirements in order to avoid ripping of 
the geotextile during the consolidation stage. The geotextile’s capacity to prevent the loss of 
fines during the dewatering process depends largely on the relationship between the slurry 
material’s particle size and the AOS or FOS of the geotextile. The AOS describes the largest 
pore, and the FOS describes the gradation of the pores under hydrodynamic stimulation 
(immersion and withdrawal of the geotextile in a liquid with glass beads) (Mlynarek et al. 1993). 
As for the strength requirements of a geotextile tube, projects expecting high pumping pressures 
(0.1 – 3 psi [0.5 – 20 kPa] Fowler et al. 1995, Gaffney), multiple fillings, or stacking of the 
geotextile tubes, should consider the tensile strength of the material. Concern may also arise 
when geotextile tubes are to be dropped from split-bottom barges. In both stacking and dropping 
the geotextile tubes, stress concentrations points are formed and deformations are observed, these 
may result in a tear, thus causing the tube to burst. To avoid such failures, geotextile should have 
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adequate tensile strength and seam strength, and the sediments should be allowed to dewater 
sufficiently in order to increase the percent solids within the tube. 
For proper geotextile selection as a filter, a series of bench-scale tests can be used, such as the 
Geotube Dewatering Test (GDT), the Hanging Bag Test (HBT), and the pressure filtration or 
vacuum filtration test (PFT / VFT). These tests can give an idea about the effectiveness of the 
geotextile as a filter against the sediments.  
The HBT was developed in the mid-1990s by Jack Fowler of the U.S. Army Corps of Engineers 
(USACE). The test consists of sewing geotextile fabrics into a cylindrical form, and sewing off 
the bottoms, thus creating the name-sake bag shape. The bag is then filled with a representative 
slurry sample of the material to be dewatered. In doing so, measurements may be taken regarding 
the loss of fines, clogging, and a qualitative measure of the flow rates which may be achieved in 
the field. The main drawbacks of this test include the fact that representative pressures of what 
would be expected at full-scale are not achieved, and the size of the test makes it cumbersome to 
perform. For a complete description of the test set-up and procedure, a standard is currently 
being formalized by the Geosynthetic Research Institute (GRI) under the following heading: 
GRI-GT14: The pillow test for field assessment of fabrics/additives for geotextile bags, 
containers and tubes. Additionally, it is also being considered as a standard by the American 
Society for Testing Materials (ASTM) under the following heading: “ASTM D7880-13: Standard 
Test Method for Determining Flow Rate of Water and Suspended Solids Retention from a Closed 
Geosynthetic Bag”. 
The GDT was developed by TenCate Geosynthetics, Inc. in 2007. The test consists of sewing the 
selected geotextile fabrics into the shape of a pillow, and connecting it to a vertical standpipe. 
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The representative slurry sample is then poured in through the standpipe, and the effluent may be 
collected in a pan or bucket placed beneath the pillow. The same measurements obtained from 
the HBT may be obtained from this test, with the added benefits that the hydraulic head may be 
monitored over time, and that less soil is required to perform this test than for the HBT. For a 
complete description of the test set-up and procedure, a standard is currently being formalized by 
the Geosynthetic Research Institute (GRI) under the following heading: “GRI-GT15: The 
hanging bag test for field assessment of fabrics/additives for geotextile bags, containers and 
tubes”. It has also been recently approved as a standard by the ASTM under the following 
heading: “ASTM D7701-11: Standard Test Method for Determining the Flow Rate of Water and 
Suspended Solids from a Geotextile Bag”. 
Both the pressure filtration test (PFT) and the vacuum filtration test (VFT) rely on a pressure 
gradient to induce the movement of free water from one side of the geotextile to the other. The 
tests are generally conducted with a cylindrical tube containing the selected geotextile at the 
bottom. Pressure is then applied either above by means of air pressure, or below by means of 
vacuum in order to induce the passage of water through the geotextile. In doing so, 
measurements may be made regarding the observed flow rates and the loss of sediment. These 
tests have the added advantage that they may be performed at the expected pressures typical to a 
full-scale operation, and they require significantly less soil than either the HBT or the GDT. The 
downside to the PFT is that the setup forces the flow of water into a unidirectional condition, 
which does not accurately represent what would occur in the field. Additionally, there is 
currently no standard for this test, but has been used extensively by many researchers (Bhatia et 
al. 2013; Satyamurthy 2008; Muthukumaran and Ilamparuthi 2006; Liao and Bhatia 2005; Kutay 
and Aydilek 2004; Moo-Young et al. 2002). However, the lack of standardization results in test 
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results that depend on the test set-up and the operators’ experience, therefore they are not 
completely comparable (Huang et al. 2012; Cantré 2011). Another important parameter to 
consider in dewatering applications is that of chemical conditioning. This refers to the addition 
of flocculants or coagulants to the slurry material in order to prevent the formation of a low 
hydraulic conductivity filter cakes, which would greatly increase the time requirements of the 
operation. Typically these conditioning agents promote aggregation, which increases the 
“individual” size of the finer particles in the slurry, thus facilitating the passage of water through 
the filter cake and the geotextile. At the same time, this induced aggregation helps alleviate 
issues related with clogging of the geotextile by the finer particles, but some of these 
conditioning agents may pose a threat to aquatic systems (Sojka et al. 2006). Therefore, the dose 
utilized along with its charge density, and how well it bonds with the slurry become factors 
affecting the dewatering performance of geotextile tubes. 
Together, these tests have been compared in terms of the dewatering efficiency and filtration 
efficiency by Grzelak et al. (2011) and Bhatia et al. (2013), with the addition of the falling head 
test (FHT), which mimics the PFT with the exception of the added pressure. All of the tests 
(FHT, PFT, HBT, and GDT) were conducted on three different woven geotextiles, while using 
the same soil. The soil used in the study was a silt of low plasticity, and was obtained from Tully, 
New York. The filtration efficiency (FE), dewatering efficiency (DE), and percent dewatered 
(PD) are defined as follows: 
FE =
TSI−TSSF
TSI
∗ 100%;        (eq. 1) 
𝐷𝐸 =
𝑃𝑆𝑓−𝑃𝑆𝑖
𝑃𝑆𝑖
∗ 100%;        (eq. 2) 
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𝑃𝐷 =
𝑤𝑖−𝑤𝑓
𝑤𝑖
∗ 100%        (eq. 3) 
Where 𝑇𝑆𝑖 is the initial total solids (mg/L), 𝑇𝑆𝑆𝑓 is the final total suspended solids (mg/L) in the 
filtrate, 𝑃𝑆𝑖 is the initial percent solids (%) of the slurry, 𝑃𝑆𝑓 is the final percent solids (%) of the 
retained sediment, 𝑤𝑖is the initial water content, and 𝑤𝑓 is the final water content of the solution. 
From the comparison of the four test methods it was observed that the PFT, HBT, and GDT 
exhibit similar dewatering efficiencies (≈ 125%), while the FHT exhibited the lowest (≈ 96%). 
As for the filtration efficiency, it was found that the FHT achieved the highest (≈ 99%), and the 
GDT achieved the lowest (≈ 16%). These values, although drastically different, were found to be 
misleading due to the differences in available surface area for the loss of soil to occur, and the 
differences in pressure. Additionally it was found that the greatest loss of soil occurred in the 
beginning portion of the test, prior to the formation of the filter cake, thus a filtration efficiency 
value of 16% does not necessarily mean that excessive piping occurred (Grzelak et al. 2011).  
Another point of note about these indices is the fact that the DE is based upon the initial slurry 
conditions; therefore values exceeding 100% are not uncommon. These values therefore are not 
intuitive and may not be compared between samples that were tested at different initial 
concentrations. This discrepancy therefore led to the creation of the PD index, which ranges 
from 0-100%, and is independent of the initial slurry condition. 
Another bench-scale test, which may be used to study the compressibility of the sediment by 
itself, rather than in conjunction with a geotextile, is the centrifuge test, which measures the 
compressive yield stress of the sediments. The centrifuge test is employed regularly for the 
dewatering sludge in waste water treatment plants (WWTPs), they may be applied in to 
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characterize the compressibility of sediments, which in turn may be used to predict the 
dewatering performance and final volume of sediments within the geotextile tube. 
The compressive yield stress, 𝑃𝑦(𝜙) is a measure of the compressive stress required to induce a 
consolidation of the sediment, and thus increase the volume fraction, 𝜙 of the material (Buscall 
and While 1987) (Figure 3). The compressive yield stress of the material is a function of the 
local network structure; number of particles, strength of particles, and arrangement of the 
particles (Green et al. 1998). This test has been used to study the compressive behavior of 
various sediments (Maurer 2011, Nasser and James 2008; Zhou et al. 2008; de Kretser et al. 
2004) and the test results have been used to calculate the degree of consolidation which may 
occur at given stress increments, which in turn defines the total volume of the sediment at a 
given stress state. Additionally, the volume fraction of a material is directly related to the 
porosity of the material by 𝑛 = 1 − 𝜙, where 𝑛 is the porosity. Knowledge of the porosity 
provides information about the permeability of the sediment, which is helpful in determining the 
dewatering rate of the geotextile tube. 
Figure 3: Phase Diagram of soil and equation for the calculation of the volume fraction (ϕ) 
of the soil 
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2.5 Chemical Conditioners for Geotextile Tube Dewatering 
The use of chemical conditioners to increase the dewatering rate of the system is analogous to 
the use of polyelectrolytes in waste water treatment plants. The main purpose of these is to 
increase the dewatering rate, and increase containment of polluted or contaminated soils. There 
are two main types of chemical conditioners: coagulants, and flocculants. They both achieve 
similar results, but by different mechanisms. The coagulants destabilize the suspended soil 
particles though the addition of salts, which will alter the inter-particulate interactions by a 
reduction, neutralization or inversion of an individual particle’s electrical double layer (EDL) 
(Tarleton and Wakeman 2007). Some commonly used coagulants include aluminum sulfate, and 
lime. Comparatively, flocculants form bridges between individual particles (Figure 4), thus 
promoting aggregation, but they may also destabilize the slurry through charge neutralization, 
which is achieved by the active groups found on the polymer chain. Commonly used flocculants 
include polyacrylamide, alum, and polysaccharides.  
Polyacrylamide (PAM) is a water-soluble, high molecular weight, organic polymer. It is neutral 
in nature, but may be either negatively charged (A-PAM) or positively charged (C-PAM) 
through the addition of active groups along the polymer chain. It is readily used in most waste 
water treatment plants, in the paper and pulp industry, and in agriculture (Seybold C. 1994). 
Since PAM is used by many industries, it is a readily available and cost-effective product (Green 
and Stott 1999).  
Polyacrylamide works as a flocculating agent in any of its forms (A-PAM, C-PAM, and non-
ionic PAM), by adsorbing onto the surface of particulates and the colloidal particles in 
suspension, thus promoting aggregation and decreasing the settling time of a slurry. This effect 
may be optimized depending on the chemical properties of the polymer and the solution. 
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2.6 Properties of PAM that Affect Dewatering 
Polyacrylamide, much like most other synthetic polymeric substances may be modified to better 
suit its intended purpose. As was mentioned previously, PAM can be made a cationic or anionic 
through the addition of active groups along its chain. This means that the degree to which these 
active groups are appended in proportion to the chain length, will result in varying degrees of 
charge density. This varying charge density will influence its behavior in water and its 
interactions with particulate matter. Similarly, another permutation of the structural possibilities 
that may be achieved by PAM is its chain length, which is also known as molecular weight. The 
molecular weight is responsible for changing the viscosity of the polymer, and how easily the 
polymer may interact with multiple particulates simultaneously. Furthermore, the performance of 
PAM is a result of how these three factors (charge, charge density, and molecular weight) 
interact with each other and with the slurry material.  
Polyacrylamide is a synthetic organic polymer, and its cationic version is usually avoided in jobs 
where the effluent may find its way into aquatic environments. The reason why C-PAM is less 
favored over A-PAM is that in its monomeric form it is believed to be toxic and produce birth 
defects and cancer in animals (Sullivan et al. 2007). These monomers are the result of 
Figure 4: Schematic showing bridging (Tarleton and Wakeman 2007) 
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incomplete synthesis of the polymer, which may occur in part because of additives used, and has 
resulted in banning the disposal of flocculated sludge with polyacrylamide derivatives on any 
agrarian surface in Germany by the end of 2013 (Semsar et al. 2007).  
 
 
 
 
 
 
Even though high concentrations of C-PAM may pose a threat to aquatic environments, it is very 
effective in flocculating sediment slurries because of its inherent attraction to the negatively 
charged finer fraction of the soil; clays and organic substances. This attraction by C-PAM to the 
negatively charged particles can result in a bridging type of flocculation or steric stabilization 
(Figure 5) depending on the charge density and concentration of the polymer. Bridging is when a 
polymer chain adsorbs to a few points along a particle’s surface, and is sufficiently long to 
adsorb onto a second particulate somewhere along its polymer chain (Figure 4) (Nasser and 
James 2007). Steric stabilization is when the majority of the particle’s surface is covered by the 
polymer, thus not allowing it to interact with other particles (Tarleton and Wakeman 2007). 
Having said this, a polymer with an extremely high charge density will not be as effective, since 
it may fully adsorb on the particle surface and avoid interaction with other particulates (Figure 7) 
(Nasser and James 2006). Cationic PAM  may achieve flocculation through charge neutralization 
Figure 5: Schematic showing steric stabilization (Tarleton and Wakeman 2007) 
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of the particulate matter, and may even create localized zones of charge reversal on the particle 
surface, which still promotes aggregation through the attraction of other negatively charged 
particles to this localized zone (Nasser and James 2007). 
 
 
Non-ionic PAM is actually slightly anionic due to a hydrolysis (1 – 2%) of the acrylamide 
molecules during the manufacturing (Sojka et al. 2006), and its monomer may still be considered 
toxic to aquatic environments, but much less so than C-PAM. These relatively neutral polymers 
achieve flocculation through hydrogen bonding of the hydroxyl groups on the polymer to the 
oxygen atoms on silicate clay surfaces and other dipole interactions (Sojka et al. 2006). These 
hydrogen bonds create the same type of flocculation process as C-PAM, but the lack of repulsion 
between active groups of the same charge was found to create a bridging mechanism that could 
form denser flocs when studied with kaolinite slurries (Kim et al. 2009). Similarly, the fact that 
non-ionic PAM has a minimal charge, its conformation in solutions of differing pH will be 
significantly different from that of charged PAM. As can be seen in Figure 7, charged PAM 
species are likelier to form jumbled bridges and patches on the particle surface that will grow or 
shrink depending on the pH of the solution and PAM’s charge as compared with non-ionic PAM.  
Figure 6: Effect of charge density on bridging by C-PAM attached to a negatively 
charged particle (Nasser and James 2006) 
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Contrary to first impressions, A-PAM readily interacts with negatively charged soil particles due 
to the additional electrolytes found in the soil and free water. These electrolytes shrink the 
electrical double layer surrounding the soil particles, which allows bridging between the anionic 
soil and A-PAM (Sojka et al. 2006). It has also been found that soils containing higher 
concentrations of divalent cations (i.e.: Ca2+) instead of monovalent (i.e.: Na1+) will create an 
environment better suited for A-PAM, and increase its effectiveness in removing particulates 
from suspension. This shrinking of the double layer or reduction in the repulsive forces is 
responsible for the varying degrees of efficiency for differently charged polymers on the same 
soil. This double layer is typically referred to as the zeta (ζ) potential of a material.  It has been 
noted in literature that sodic soils preferentially adsorb to PAM in the following order: A-PAM > 
N-PAM > C-PAM (Sojka et al. 2006). Sodic soils, are characterized by a significantly elevated 
concentration of sodium in the cation exchange complex as compared to any other cation, and 
are usually defined by a sodium exchange percentage greater than 15%. 
Figure 7: Schematic conformation of differently charged PAM on a kaolin particle 
surface at different pH concentrations (Besra et al. 2004) 
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Charge density refers to the amount of charged units along the polymer chain. This property is 
usually reported as a percentage based unit or as the degree of substitution, but may also be 
reported in absolute terms, such as C/gm, mmolc/L, and meq/gm. The units utilized in the more 
absolute terms (C/gm, mmolc/L, and meq/gm) are based on charge, where C/gm refers to the 
charge per gram of polymer solution, mmolc/L refers to how many milli-moles of charge are 
available per liter of the solution, and meq/gm refers to the milli-equivalents per gram of solution 
(i.e.: 1 mole of Ca2+ = 2 meq/mol, while 1 mole of Na1+ = 1 meq/mol). One of the drawbacks to 
these different units is that same qualitative properties may be different from one industry to the 
next, meaning that what may be considered medium charge density in one industry, may be 
considered differently in another industry, or even between differently charged species of the 
same polymer (i.e.: C-PAM, and A-PAM). Within the context of soil interactions, the following 
values have been cited in literature: 
 C-PAM: .51 (Low), 1.33 (Medium), 2.54 (High), 3.46 (V. High)        [mmolc/L] 
              (Petzold et al. 2004) 
 C-PAM: 3% (Low), 20% (Medium), 40% (High)     [percentage charged monomer] 
              (Krentz et al. 2003) 
 A-PAM: 20% (Medium)            [percentage charged monomer]  
                     (Lu et al. 2002) 
For this reason, the charge density remains a somewhat qualitative value, and since the 
effectiveness of the polymer depends on many variables, charge density provides some idea as to 
how much polymer would be required for complete charge neutralization.  
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Although a systematic bracket system for the charged density of PAM is not perfect, literature 
has been able to show general trends and instances where lower or higher charge density are 
favored. Krentz et al. (2003) studied the influence of flocculent charge on the dewaterability of 
five suspensions consisting of harbor sediments, two gravel washings, kaolin slurry, and a 
titanium dioxide suspension, all of which were mixed with natural organic matter. In the study, it 
was shown that if one of the main objectives for using PAM is to remove natural organic matter, 
then high charge densities are favored. Similarly, they proposed that in situations where high 
shear stresses may be required, the high charge density polymer is preferred due to a higher 
probability that recombination of the flocs will occur through a patching mechanism. On the 
other hand, if the purpose is to increase the dewaterability of the slurry, then a lower charge 
density PAM is preferred. 
Nasser and James (2006) studied the compressive strength of kaolinite slurries and found that 
increasing the charge density from 10% to 35% on A-PAM has a negative effect on flocculation. 
This is due in part to the fact that kaolin, much like A-PAM, is negatively charged, therefore 
long loops are responsible for flocculating, which creates an open structure due to the repulsive 
forces. Nasser and James (2008) also looked at C-PAM with charge densities of 10%, 40%, and 
100%, and noted that at low charge densities the effect of dosing was more pronounced and 
resulted in significantly different compressive strengths as compared to the 40% and 100% 
charge density polymers. The mechanism behind these results may have to do with the type of 
flocculation occurring; at low charge density a bridging mechanism is dominant, while at higher 
charge densities, patching and charge neutralization are more probable, and do not alter the 
compressive yield stress as much as flocculation by a bridging mechanism. 
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These differences in the effectiveness of the polymer due to the charge density are due in part by 
the fact that the polymer’s configuration in solution is dependent on its charge. A high charge 
density polymer will tend to suffer from self-repulsive forces, which cause it to uncoil, thus 
elongating the polymer chain (Yu and Somasundaran 1996). This more elongated configuration, 
as was mentioned by Seybold (1994), may be responsible for higher adsorption rates and 
interactions with soil particulates. Therefore, some optimum charge density exists where the 
polymer is sufficiently uncoiled in order to interact with various particles (Michaels et al. 1955; 
Malik et al. 1991).  
The molecular weight (MW) of a polymer is actually a weight average of the molecular weight 
distribution, given that during the polymerization process due to thermodynamic and kinetic 
reasons (Ward 1981) a distribution of polymer lengths will be synthesized. Therefore the MW 
reported is just the mean. These PAM polymers typically observe a MW in the range of 12 to 15 
x 106 gm/mol for use in the food industry, sludge dewatering, drilling muds, mine slurry 
conditioning, and water treatment facilities, but may also be as low as 30,000 gm/mol and as 
high as 20 x 106 gm/mol (Sojka et al. 2006).  
2.7 Properties of the Sediments  
Many researchers have carried out studies regarding the interactions between PAM and clay 
minerals or cation-saturated clay solutions (Michaels and Morelos 1955, Atesok et al. 1988, 
Besra et al. 2004, Deng et al. 2006, Nasser and James 2006, Nasser and James 2007, Nasser and 
James 2008, Kim and Palomino 2009), but few have looked at the interactions of PAM with 
natural soils and dredged sediments. McLaughlin and Bartholomew (2007) conducted a study to 
investigate if any soil properties directly influence the flocculation behavior of PAM-subsoil 
solutions. For their study, 13 subsoil samples from North Carolina were tested with 11 different 
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PAM solutions of various MWs and CDs, but restricted the study to non-ionic and A-PAM 
species, and utilized dilute concentrations of soil (5% Solids). Results from this study indicate 
that soils with little Smectite or Vermiculite will respond linearly to PAM up until steric 
stabilization occurs, and then PAM will hinder flocculation. Charge Density and MW did not 
show any particular trend, but the overall effectiveness was found to be related to the particle 
size distribution, with an increase in sand content having negative effects on the turbidity 
reduction. At the same time, the study found that the mountain subsoils from the mountainous 
region showed a different trend than subsoils from the coastal plain, where turbidity reductions 
highly correlated with sand content, kaolinite content, and extractable iron. Other studies have 
shown A-PAM’s efficacy for flocculation dependent on the mineralogy of the soil with Kaolinite 
> Illite >> Quartz (Laird 1997), where A-PAM is poorly adsorbed on the Quarts due to a lack of 
aluminol groups (>Al-OH), which are found on the edges of clays like kaolin and illite. Similarly 
it has been found that A-PAM works best in acidic environments, most likely because aluminol 
groups are positively charged under acidic conditions, thereby having a stronger attraction to A-
PAM, which has been reported to observe an optimum pH range between 5 and 6 for kaolin 
(Peng and Di 1994). Conversely, for basic conditions (pH > 7), adsorption by clays decreased as 
follows: Illite > Kaolinite > Smectite (Deng et al. 2006).  
2.8 Chemical Conditioning for Geotextile Tube Dewatering   
In taking geotextiles and converting them into geotextile tubes, the benefits to the industry 
become more tactile. Although geotextile tubes are used in many different applications such as 
revetments, offshore breakwaters, protection dykes, containment dykes, groynes, artificial reefs, 
slope buttressing, and scour prevention (Lawson 2008), the most beneficial use across industries 
is that of dewatering. Dewatering is usually energy intensive and requires constant mechanical 
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upkeep when other methods, such as belt filter presses, rotary presses, and centrifuges are used 
(Newman et al. 2008), whereas the use of geotextile tubes greatly reduces energy costs and 
maintenance fees.  
Similarly, because chemical conditioners are applied across various industries, the manufacturing 
cost of these conditioners is not very high. Polyacrylamide, for example, may specifically be 
utilized as a soil stabilizer in order to increase infiltration, reduce erosion, reduce crusting of the 
topsoil, and promote aggregation (Chaudhari et al. 1998, Sojka et al. 2006, Mamedov et al. 
2010). The fact that it is used across various industries allows its price to drop, making it 
affordable as a chemical conditioner for dewatering applications. 
Geotextile tubes and chemical conditioners therefore are able to provide a great benefit to 
industry, specifically when addressing the issue of dewatering applications. In general, 
dewatering applications is a field dominated by low percent solids slurries, and high amounts of 
fine particulates along with organic materials and contaminated sediments (i.e.: mining 
operations, agriculture, and dredging). The use of geotextile tubes and chemical conditioners 
presents a low cost-solution for most projects, provided that there is adequate open space for the 
installation of the geotextile tube. But even in circumstances where space may be limited, the 
ability to perform multiple fillings per tube, and the option to stack tubes provide additional 
benefits. Projects such as the landfill closure of Catlettsburg, Kentucky in 1999 have noted 
monetary savings of approximately $1.0 million dollars through the use of geotextile tubes 
(Duke et al. 1999). As a comparison, projects requiring large amounts of conditioners due to a 
significant amount of organic matter, such as the dewatering of a dairy lagoon, have reported a 
slight increase in cost per volume, but an overall improvement in the process. Worley et al. 
(2008) mentions the specific case where a first stage dairy lagoon was dewatered by geotextile 
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tubes, and by geotextile tubes along with polymeric conditioners. The total cost per recovered 
solids for the geotextile tube was $10/m3, and $14/m3 with the polymeric conditioners, but the 
efficacy of the removal of nutrients from the effluent went from 79% to 99% for phosphorus, and 
from 92% to 100% for organic nitrogen. These results show that although polymeric conditioners 
may increase the total cost of the operation, depending on the characteristics of the sediment, 
they may provide additional benefits, especially in situations where the effluent quality is of 
concern, thus warranting the additional expense. 
2.9 Theory of Filtration and Dewatering Application to Geotextile Tube Dewatering 
The theory behind the flow of liquids through porous media began in the mid 1800’s with 
Darcy’s Law. Since then, the foundation for the theory of filtration has been developed by 
researchers across many fields. The theory of filtration is important in geotextile tube dewatering 
applications since its main purpose is to prevent the loss of fines from within the tube while 
allowing water to drain out. As was seen in Figure 1, this is achieved in stages. These different 
stages can be modeled with the aid of filtration theory in order to estimate dewatering rate, the 
compressibility of the sediments, and percent solids content of the sediment after dewatering.  
Figure 8 shows how the real dewatering regime of the geotextile tube may be simplified into a 
one-dimensional case through the aid of the pressure filtration test. Figure 9 details the step 
involved in a pressure filtration test, and describes all the stages involved in sedimentation and 
filtration. Initially, as the sediment slurry of an initial volume fraction (𝜙0), is being pumped into 
the geotextile tube, all the sediments are assumed to be suspended and dispersed Figure 9a. 
Immediately after being pumped, different concentration regions are formed as the larger 
particles settle out of suspension, and pressure gradients due to self-weight and pumping 
pressures begin forming the filter cake Figure 9b. Over time, the pressure gradient will drive out 
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all of the free water and bring all of the solids into contact Figure 9c. Throughout this process the 
geotextile works as a filter, as shown in Figure 8, allowing for the liquid to escape and decrease 
the volume of the mixture.  
Filtration is therefore governed by the process of sedimentation and flow through a porous 
medium (i.e.: filter cake). These processes are well established for the 1-D case, and for systems 
of mono-dispersed particulates (all particles are of the same size), but for 2-D and 3-D, the 
theories are still not fully developed. Although these processes are complicated in nature, they 
depend on basic physical properties of the sediments, which can be obtained using different 
bench-scale tests. 
 
 
 
 
Figure 8: a) Real dewatering regime and b) Idealized 1-D dewatering by PFT 
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To understand the theory of filtration, a 1-D model for compressible particulates will be 
described below, alongside a description of the physical meaning behind the equations and the 
kind of tests which can be used to obtain properties of the sediments.  
For a slurry consisting of a liquid and mono-dispersed particles of the same density, the initial 
volume fraction of these particulates is 𝜙𝑜. At the time t = 0, the particles are completely mixed 
in the liquid and thus the concentration is the same at all points. The only force acting on the 
system at this point is gravity, and thus the system obeys local mass and linear momentum 
equations. The continuity equations for the particles and for the liquid at this stage are therefore: 
𝜕𝜙
𝜕𝑡
+
𝜕
𝜕𝑧
(𝜙 ∗ 𝑣𝑠) = 0;   [Continuity equation for the solids] (eq. 4) 
Figure 9: Steps in pressure filtration test for 1-D sedimentation and filtration 
(Bürger et al. 2001) 
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𝜕(1−𝜙)
𝜕𝑡
+
𝜕
𝜕𝑧
((1 − 𝜙) ∗ 𝑣𝑓) = 0;  [Continuity equation for the liquid] (eq. 5) 
where 𝑣𝑠and 𝑣𝑓 are the absolute velocities of the particles and fluid, respectively, t is time, and z 
is height. The momentum balance equation for the solids: 
𝜕𝜎𝑒(𝜙)
𝜕𝑧
= −Δ𝜌𝑔𝜙 +  
𝑚𝑑
1−𝜙
;   [Momentum Balance for the solid] (eq. 6) 
where 𝜎𝑒(𝜙) is the effective particle stress, Δ𝜌 is the difference in density between the solid and 
liquid, g is gravity, 𝑚𝑑is the solid-liquid dynamic interaction force or drag coefficient, and 𝜙 ifs 
the volume fraction. Additionally, the pore pressures can obtained from a momentum balance 
equation: 
𝜕𝑝
𝜕𝑧
= −𝜌𝑓𝑔 −  
𝑚𝑑
1−𝜙
;   [Momentum Balance equation] (eq. 7) 
where p denotes the pore-pressure, and 𝜌𝑓 is the density of the fluid. 
In general, at any given point in time, the mass balance for the equation of the mixture has to be: 
𝜕𝑞
𝜕𝑧
= 0;     [Mass Balance for the mixture] (eq. 8) 
where q is the volume average velocity of the mixture (flux) 
𝑞 =  𝜙𝑣𝑠 + (1 − 𝜙)𝑣𝑓;   [Flux equation]   (eq. 9) 
Together all of these equations (eq. 4 – 9) fully describe the dynamic processes of a particulate 
system. Sedimentation of the particles or cake formation is described for a more complete 
description of the process.  
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The Kynch batch flux density function (Kynch 1952) describes the sedimentation process, which 
describes the terminal settling velocity for a range of particle concentrations in a fluid and takes 
into account the hindered settling effects. Hindered settling refers to the additional drag forces 
created by the surrounding particles in suspension (Figure 10). 
 
In order to arrive at the Kynch batch function, a sedimentation test may be conducted, in which 
the speed of the settling front may be recorded at various concentrations (𝜙), thus providing 
information regarding the resistance and the permeability of the sediment. 
 
 
               𝜙𝑚𝑎𝑥  
     𝜙𝑚𝑖𝑛 
            
 
Figure 10: Schematic showing single particle sedimentation and hindered settling 
Figure 11: Schematic of data obtained from seidmentation test 
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Figure 11 provides a schematic view of the data obtained from the sedimentation tests by 
measuring the sedimentation front at various times and at various concentrations. Typically, as 
the concentration is increased, the sedimentation front is slowed down due to the increased drag 
(Figure 10). The sedimentation front usually consists of two zones, an initial linear zone 
(line𝐴𝐵̅̅ ̅̅ ), which describes hindered settling regime, which transitions into the compression 
sedimentation zone described by the asymptotic tail. The linear zone is the hindered 
sedimentation front, which transitions into the compressive settling once the sediment has settled 
to the bottom of the container and consolidates under self-weight. The slope of line 𝐴𝐵̅̅ ̅̅  provides 
the velocity, which is used to plot the flux rate (Figure 12). The shape of the batch flux curve 
derived from the sedimentation test is of great importance. The left side of the curve, before the 
peak, describes the sedimentation process for sediment, while the right-hand side describes 
permeability of the material.  
Figure 12: Kynch batch flux curve from sedimentation test data 
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This theory was originally proposed by Kynch (1952) after studying mono-dispersed materials, 
therefore some modifications are required in order to account for the poly-dispersity of real 
world sediments. The following equations present the original batch flux density equation and its 
subsequent modification: 
𝑓𝑏𝑘(𝜙)  =
−Δ𝜌𝑔𝜙2(1−𝜙)2
𝛼(𝜙)
;   [Kynch batch flux density equation] (eq. 10) 
𝑓𝑏𝑘(𝜙) = 𝜈𝜙[1 − (
𝜙
𝜙𝑚𝑎𝑥
⁄ )]𝑐;  [Modified flux density equation] (eq. 11) 
where 𝛼(𝜙)is the resistance coefficient and 𝛼(𝜙) =  
−𝑚𝑑
(𝑣𝑠−𝑣𝑓)
.  
The Kynch batch flux density equation was found to follow a power law of the form found in 
equation 11, by the modifications made to the Richardson-Zaki flux density function by 
Michaels and Bolger (Michaels and Molger 1962), where 𝜈 is the terminal settling velocity 
(Stoke’s Law), 𝜙𝑚𝑎𝑥 is the maximum volume fraction, and 𝑐 is a constant.  
The centrifuge test is commonly used to measure the compressibility of sediments. The 
following equation is generally used to describe the centrifuge test data, and again it follows a 
power law of the form: 
𝜎𝑒(𝜙) =  𝑐[(
𝜙
𝜙𝑔
)𝑘  − 1];  [Effective stress equation]  (eq. 12) 
where 𝜎𝑒(𝜙) is the effective stress (may also be referred to as the yield stress), 𝑐 is a constant, 
𝜙𝑔 is the gel point concentration, and k is a constant greater than 0 (Bürger et al. 2001).  
The gel point (𝜙𝑔) is the solid concentration at which stress begins being transmitted across the 
particulate network structure. 
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The data obtained from the centrifuge tests, as was mentioned, follows a power law function. 
Therefore, when plotted on a normal scale, the data shows a curve with an asymptote (Figure 
13). The material properties define the shape of these curves. The gel point for these materials 
cannot be obtained from the actual test, since even under normal gravity, the sediment 
suspension will settle and the volume fraction will be pushed beyond the gel point. Due to this 
phenomenon, the three unknowns (c, 𝜙𝑔, k) are found simultaneously by a fitting function to the 
obtained experimental data (Figure 13). 
When all of these equations are combined, a complete description of the filtration process is 
produced.  
To begin, we modify the stress parameters as: 
𝜎𝑒(𝜙) + 𝑝 =  𝜎𝑡(𝜙) =  ∆𝜌𝑔𝑧;  [Total stress equation] (eq. 13) 
where  𝜎𝑡(𝜙) is the total stress. Equation 13 may be substituted into equation 7¸resulting in a 
more comprehensive version of equation 8: 
Figure 13: Typical centrifuge data  
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𝜕𝑝
𝜕𝑧
=  
𝜕
𝜕𝑧
(Δ𝜌𝑔𝑧) −
𝜕
𝜕𝑧
𝜎𝑒(𝜙);   [Pore pressure equation] (eq. 14) 
By taking into account equation 4 and 14, the end result describes the settling process of the 
suspension: 
𝜕𝜙
𝜕𝑡
+
𝜕
𝜕𝑧
(𝜙𝑣𝑓 −
𝜙𝑘Δ𝜌𝑔
𝜇
) =  −
𝜕
𝜕𝑧
(
𝜙∗𝑘𝑝
𝜇
∗
𝜕
𝜕𝑧
𝜎𝑒(𝜙));    (eq. 15) 
where  𝑘 is the permeability of the system, and 𝜇 is the viscosity of the liquid. 
This equation describes the sedimentation and filtration process. The filtration process is the flow 
of and liquid through a filter composed of the particulates (i.e.: filter cake). Most importantly, 
this equation shows how important it is to have knowledge about the permeability (k) and 
compressibility of the mixture (
𝜕
𝜕𝑧
𝜎𝑒(𝜙)).  
By taking a look at the right hand side of equation 15, a modification can be made to simplify the 
terms. By calling 𝜎𝑒(𝜙) = 𝐹(𝜙) and knowing that the derivative would be  
𝜕𝜎𝑒(𝜙)
𝜕𝜙
= 𝐹`(𝜙) then 
the following statement may be made: 
−
𝜕
𝜕𝑧
(
1
𝜇
 𝑘𝜙𝐹`(𝜙)
𝜕𝜙
𝜕𝑧
)  = −
𝜕
𝜕𝑧
(
𝜙∗𝑘𝑝
𝜇
∗
𝜕
𝜕𝑧
𝜎𝑒(𝜙))     (eq. 16) 
the inside of the argument can be simplified into a diffusivity term by stating 
1
𝜇
 𝑘𝜙𝐹`(𝜙) = 𝐷(𝜙)         (eq. 17) 
The units for diffusivity are m2/s, and may be arrived at by: 
𝐷(𝜙) =  
𝑘𝑝
𝜇
1
𝑘𝑐
;         (eq. 18) 
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where 𝑘𝑝 is the coefficient of permeability, 𝑘𝑐 is the coefficient of compressibility, and 𝜇 is the 
viscosity of the liquid.  
In rearranging the equation into this form, it becomes evident that the parameters obtained from 
the centrifuge test (𝑘𝑐) and from the sedimentation tests (𝑘𝑝) dictate the most of the process.  
Thus this simplification, although demonstrated for the 1-D case, points to the fact that the 
framework for sedimentation and filtration in a geotextile tube is attainable. 
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Chapter 3 Test Procedures and Sediments 
 
3.1 Approach 
The tests conducted in this study fall into two separate categories. The first category is a 
chemical and physical characterization of the dredged sediments and the second category 
revolves around geotechnical performance tests. The aim of these two types of tests is to tease 
out any underlying properties of the sediments which may govern their behavior with and 
without polymeric conditioners. 
3.2 Testing Methods I:  Physical and Chemical Characteristics of the Sediments 
3.2.1 Drying the Samples 
All 15 of the dredged sediments arrived in slurry form inside 5 gallon buckets from various 
locations throughout the US and parts of Canada. In order to conduct all of the tests, the soils had 
to be dried. The method of drying varied between air drying, oven drying at 80 oC, and freeze 
drying. The variation in the drying techniques was essentially driven by time constraints and 
oven space. Large amounts of soil were air dried in bins (18” x 12”) located inside a storage unit 
over a few months; additionally these samples were covered with a tarp in order to avoid any 
debris falling inside the samples and causing any contamination.  This larger quantity of soil was 
mostly used for the bench scale tests. For some of the other tests, oven drying was conducted at 
80 oC in a Quincy Lab, Inc. 21 – 350 – ER oven to avoid burning off any organic matter, and 
samples were taken out once they reached a stable mass over a 24-hour period. Lastly, the freeze 
drying technique was used to expedite the samples for chemical analyses. Freeze drying of the 
samples consisted of placing the dredged sediments in an open zip-lock bag within a lyph-lock 
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flask which was connected to a 20-manifold Labconco FreeZone 12L freeze dryer (Figure 14). 
The instrument would then create a vacuum which would draw out all of the moisture from 
within the glass containers without removing any of the organic matter. This method was 
preferred for the chemical analyses due to the minute amount of mass required to perform any 
testing, the speed with which it would remove any excess moisture (48-hour period for some 
slurries), and because it is common practice for some soil chemistry analyses. 
 
3.2.2 Specific Gravity 
Specific gravity is the ratio between the densities of one material and that of water. When the 
specific gravity is above 1, the material is denser than water, and when it is below 1, the material 
is lighter than water. Typically, soils used in geotechnical engineering applications have specific 
gravities ranging from 2.6 – 2.8, depending on the mineralogical composition and organic 
contents. The sediments obtained for this study contained significant amounts of organic matter, 
which made the determination of the specific gravity via ASTM D854-10 very difficult, since the 
organic matter greatly hampered the wetting of the soils.  In order to overcome this obstacle, 
specific gravity measurements were conducted on the mineral fraction of the soils only. In order 
to separate the mineral fraction from the organic matter, the soil samples were placed in a muffle 
Figure 14: Side, front and lyph-lock flask pictures for the Labconco FreeZone Freeze Dryer 
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furnace at 550 oC over a 24-hour period. In order to avoid the sources of error associated with the 
organic matter it was burned off, thereby allowing us to accurately determine the specific gravity 
of the mineral fraction and present a range for the specific gravity of the sample as a whole: 
𝐺𝑡𝑜𝑡 = 𝐺𝑚𝑖𝑛𝑒𝑟𝑎𝑙(1 − %𝑆𝑂𝑀) +  (𝐺𝑆𝑂𝑀 ∗ %𝑆𝑂𝑀);    (eq. 19) 
Where 𝐺𝑡𝑜𝑡 is the specific gravity of the sample as a whole, 𝐺𝑚𝑖𝑛𝑒𝑟𝑎𝑙 is the specific gravity of the 
mineral fraction, 𝐺𝑆𝑂𝑀 is the specific gravity of organic matter, and %𝑆𝑂𝑀 is the percentage of 
organic matter in the sample. The specific gravities for the organic matter were obtained from 
literature as both a maximum and minimum value, thereby allowing us to establish a range of 
possible specific gravities for the sample as a whole.  
Aside from removing the organic matter from the sample, slight modifications were made to 
ASTM D854-10. No pycnometers were available; therefore 500-mL volumetric flasks were used 
in their place. These volumetric flasks were equipped with rubber stoppers attached to a vacuum 
hose in order to assure that the de-ionized water remained de-aired.  
For a more complete description as to the method and process involved in burning off of the 
organic matter, refer to Section 3.2.6 Loss on Ignition. 
3.2.3 Grain Size Distribution and Particle Shape 
Two different methods were utilized to determine the grain size distribution of the samples. For 
the coarser fraction, particles greater than 0.075mm, the standard sieving method ASTM D6913-
04 was used. The finer fraction of the soils required ASTM D422-63’s hydrometer analysis. This 
test takes advantage of Stoke’s Law, which describes the settling velocity of a sphere in a given 
fluid. 
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𝜐 =  
(𝛾𝑠−𝛾𝑤)𝐷
2
18𝜂
;         (eq. 20) 
Where 𝜐 is the terminal velocity of the sphere (m/s), 𝛾 is the unit weight of the soil or water 
(kg/m3), 𝜂 is the viscosity of the water (Pa*sec), and D is the diameter of the soil particle (m).  
Since the organic content of the soils were highly variable, and many times hampered the wetting 
of the soil, modifications similar to those undertaken for the specific gravity measurements were 
made to ASTM D422-63. The finer portion of the soil was placed in a muffle furnace at 550 oC 
over a 24-hour period in order to remove any organic matter, thus leaving behind only the 
mineral fraction of the soil. For further information regarding this burning process, refer to 
section 3.2.6 Loss on Ignition. 
Particle shape measurements were performed with the aid of a microscope on the coarse fraction 
of the soils only. Particle shape was characterized by sphericity. Sphericity is quantified as the 
diameter ratio between the largest, shortest and intermediate inscribing circle that can be drawn 
within the particle (Santamarina and Cho 2004). For each sediment, measurements were made on 
50 particles to calculate the sphericity using the following equation: 
𝑆 =  (
𝐷𝑠𝐷𝑖
𝐷𝐿
2 )
1/3
;        (eq. 21) 
Where 𝐷𝑠 is the diameter of the shortest circle, 𝐷𝑖 is the intermediate diameter, and 𝐷𝐿 is the 
largest diameter. The images obtained from the microscope were used to count the pixel 
diameter of each particle in order to obtain the sphericity. Figure 15 depicts a very spherical and 
a non-spherical material along with their sphericity values for comparison purposes. 
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3.2.4 Zeta Potential 
The zeta potential of a soil is the potential difference between the Stern layer and the diffuse 
layer of a colloidal particle (≈ nanometer scale). The Stern layer is the first layer of oppositely 
charged ions which are strongly bound to the surface of the colloid, and the diffuse layer is 
composed of any other ions which may bind to this oppositely charged surface.  This potential 
difference represents the amount of energy required to bring separate particles together. These 
measurements were carried out using a zeta potential analyzer (Brookhaven Instruments Zetaplus 
Version 3.54) located within SUNY-ESF.  This equipment measured the electrophoretic mobility 
of the colloidal fraction of our sampled sediments and converts it into a zeta potential 
measurement using the Von Smoluchowski equation.  
𝜁 =
4𝜋𝜇𝑈
𝜀𝑑
;         (eq. 22)  
Where 𝜁 is the zeta potential (V), 𝜇 is the viscosity of the liquid (Pa*s), 𝜀𝑑 is the dielectric 
constant (F/m), and U is the electrophorectic mobility (T-1). The zeta potential measurements 
were carried out for all the dredged sediments in solution with de-ionized water. The samples 
Figure 15: Image used for sphericity, and values obtained 
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were placed in acrylic test vials, and the reported zeta potential measurement is the average result 
from 30 readings.  
3.2.5 Streaming Current (Particle Charge Density) 
The streaming current detector (BTG Mütek PCD 02, Figure 16) is a device which can measure 
the charge when a particle is mechanically moved through a fluid which results in a separation of 
charges causing a potential to exist. This resulting potential is what is known as the streaming 
current, which is a more inherent property of the sediment since is does not depend on the 
water’s conductivity.  
 
The following test procedure was used for the streaming current test:  
1- Prepare a vial with 5mL of titrate and add 5mL of buffer solution. 
2- Prepare a second vial with 9.9gm of DI-water and 0.1gm of sediment, and then add 10mL 
of buffer solution. 
Figure 16: Photograph of the BTG Mütek Particle Charge Detector 02 
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3- Add 10mL of testing solution to testing cup, and turn on the CD-tester and zero the 
reading.  
4- Add titrate to until the charge is neutralized and record the required volume in order to 
solve for the charge density: 
𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝐶ℎ𝑎𝑟𝑔𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑉𝑡𝑖𝑡𝑟𝑎𝑡𝑒∗𝐶𝑡𝑖𝑡𝑟𝑎𝑡𝑒∗1000
𝑀𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙∗0.5
;     (eq. 23) 
where 𝑉𝑡𝑖𝑡𝑟𝑎𝑡𝑒 is the volume of titrant is, 𝐶𝑡𝑖𝑡𝑟𝑎𝑡𝑒is the concentration of the titrant, and 
𝑀𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙is the mass of the sediment. 
3.2.6 Organic Content (Loss on Ignition) 
There is a large debate in terms of quantifying the organic content of a soil therefore it was 
decided to follow the guidance of ASTM STP 820: Testing of Peats & Organic Soils, which 
states the different techniques and their potential shortcomings/sources of error.  The main test 
methods involved burning the soil in a muffle furnace until all the organic matter combusted. 
Some of these other methods are derived from the Muskeg Engineering Handbook and A 
Definition of Organic Soils - An Engineering Definition by Arman (1923). The differences 
between these methods were the temperature and time durations recommended. The 
temperatures ranged from 440 oC – 900 oC, and therefore lead to the argument over insufficient 
combustion of the humic substances/organic matter and possible mineralogical disturbance. 
Originally ASTM D2974-07a was chosen over the other methods since it fully combusts the 
humified potion of the organic matter, partially removes the less oxidizable parts, and can be 
easily reproduced by industry. This method involved setting the muffle furnace to a temperature 
of 550 oC and placing the samples there for a 24-hour period. Unfortunately this resulted in the 
dehydration of the interstitial sites of kaolinite, which overestimates the amount of organic 
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matter in the soil. In order to compensate for this, a test was conducted with kaolinite and an 
organic soil from Vermont, collected from the Oa horizon of a Long Term Soil Monitoring 
program. This soil is part of the Vermont Monitoring Cooperative (VMC) and is known on 
average to contain 58% organic matter with a standard deviation of 3.4%. These two soils were 
placed in the muffle furnace at various temperatures and their loss on ignition was recorded at 1-
hr increments. In doing so, it was found that if the soils were placed at 350 oC for a 2-hr period, 
less than 2% of the interstitial water would be lost from the kaolinite, and 98% combustion of the 
organic matter in the Oa soil would be achieved. This method is fairly similar to Shulte’s (1991), 
who proposed after testing 316 soils, that the temperature should be set at 360 oC for 2-hrs, this 
method resulted in an r2 = 0.90. 
3.2.7 Specific Surface Area 
The specific surface area of a material is the ratio of the surface area per unit mass (m2/gm). This 
property was determined using the Ethylene Glycol Monoethyl Ether (EGME) method as 
presented by the Soil Science Society of America: Methods of Soil Analysis, Physical and 
Mineralogical Methods as given by Carter et al. (1986).  
The following procedure was used for SSA determination: 
1) Oven dry soil samples at 85oC for a period of 48-hr in order to remove any excess 
moisture without making any alterations to any organic matter which may be present in 
the sample. 
2) Weight a small aluminum tare and then place approximately 1gm of soil keeping the 
sensitivity of the measurements to the nearest 0.001gm. 
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3) Using a pipette, place 3mL of laboratory grade EGME over the soil, and swirl the 
solution in order to saturate all the soil particles. Care should be taken to avoid any soil 
loss as it will result in large deviations from the true SSA. 
4) Place the aluminum tares in a desiccator, and apply a vacuum of at least 635mmHg. 
5) Determine the mass of the samples after 18hr and then again after 24hr, if the mass has 
not stabilized (± 0.001gm) keep the samples under vacuum until all the readings have 
stabilized.  
6) Determine the SSA of the sample using equation 24: 
𝑆𝑆𝐴 =  
𝑊𝑚
𝑊𝑠∗0.00286
;      (eq. 24) 
Where 𝑊𝑚is the mass of the Ethylene Glycol Monoethyl Ether retained in the sample, 𝑊𝑠 
is the mass of the soil, and 0.000286 is the weight of EGME required to form a mono-
molecular layer on a one square meter surface (g/m2) 
3.2.8 Soil pH 
The measurement of the pH for the various soils was conducted following ASTM D4972-01 with 
an AR15 Accumet pH meter. The results are reported as both pHw for values measured solely in 
de-ionized water, and pHs for solutions of 0.01M CaCl2. 
3.2.9  Cation Exchange Capacity 
The Cation Exchange Capacity (CEC) of a soil is described as the capacity of a soil to hold 
cations which lie in the negative charges carries by the colloidal fraction of the soil; clays, 
organic matter, and sesquioxides. The determination of CEC was conducted at an offsite 
laboratory in SUNY-ESF. The samples were tested using a Perkin Elmer Optima 3300DV 
Inductively Coupled Plasma Optical Emission Spectrometer. The extractants and calibration 
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blanks used were 1-M solutions of NH4Cl, and calibration standards where run between every 5 
samples to ensure quality control. 
3.2.10  Carbon Nitrogen Ratio 
The carbon nitrogen ratios for the given samples were analyzed using a Costech ECS 4010 
Elemental Combustion System (Figure 17), also known as an Elemental Analyzer (EA). The 
instrument was set up with atropine (70.56%C and 4.84%N) and acetanilide (71.09%C and 
10.36%N) as reference materials along with quality control checks placed every 10 samples. The 
EA combusts the samples and passes the eluted gas through a thermo conductivity detector 
(TCD), which produces an electrical output signal proportional to the gas. This output signal is 
used along with the reference materials to calculate the amount of carbon and nitrogen in the 
samples. 
 
 
Figure 17: Photograph of the Costech ECS 4010 Elemental Combustion System 
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3.3 Testing Methods II: Performance Tests 
3.3.1 Sedimentation Test 
The sedimentation tests were conducted within 500mL Pyrex graduated cylinders with an inside 
diameter of 5cm. The method employed was not based on standards, but rather from common 
industry practices. The following procedure was used to for the sedimentation test: 
1) Volume fractions (𝝓𝟎) from 5% to 35% by volume are made up for the sediment. The 
volume of the sediment is obtained by dividing the specific gravity of the sediment by its 
mass. The total volume of the solution should be 500mL 
2) Once a particular slurry of a certain volumetric concentration is made, it is poured in the 
graduated cylinder and agitated by flipping the cylinder upside until all of the soil is 
suspended. 
3) Measurements of the sedimentation interface are taken every 10 seconds for the first 
minute, 30 seconds for the next 2 minutes, and then once every minute until all of the 
sediment settled. The sedimentation interface is defined as the uppermost point where all 
of the solids are settling as one; above this interface, the water should be clear of solids.  
4) From this data, plots of the sediment height against time are made. Height is calculated 
by dividing the internal area of the graduated cylinder from the volume recorded. The 
plots should contain an initial straight line portion. A tangent line will be taken from this 
portion and used for further analyses.  
5) Once the slope from the tangent line (V) has been obtained from each of the 
concentration curves, it is multiplied by their respective volumetric (𝑽 ∗ 𝝓𝟎) 
concentration, and plotted against the initial concentrations(𝝓𝟎). 
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The final plots obtained from this method serve two purposes. The left half of the plot describes 
the sedimentation process for the sediment, and the right half describes the permeability of the 
material. A more detailed explanation is available in Section 2.9 Theory of Filtration and 
Dewatering (Figure 11). 
 
3.3.2 Jar Testing (Optimum Dose) 
Jar tests were carried out at either 5%, 10% or 15% solids concentration by mass (Table 2), 
where the percent solids by mass may be obtained according to equation 25. For all cases, the 
samples were conditioned using a 0.02% stock solution of cationic polyacrylamide. The slurries 
were made in 500mL batches and mixed using a Phipps and Bird PB-700 Jartester. The solutions 
were tested using ASTM D2035-08 as a reference, while adjusting the procedure to better match 
the specific needs of this industry. ASTM D2035-08 calls for a “slow” mixing period of 20 
minutes in order to observe the first visible floc formation, in the geotextile dewatering industry 
Figure 18: Kynch batch flux curve from sedimentation test data 
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the time between polymer addition and it being pumped into a geotextile tube is minimal; 
therefore the mixing time for this test was fixed for 3 minutes rather than the standard 20 
minutes. Additionally, the turbidity measurements were not taken until the solution was allowed 
to settle for 2 minutes. The speed of the mixing apparatus varied according to the slurry being 
tested, and was kept at, or near the minimum speed required to suspend all the soil during the 
mixing process (160 – 210 rpm). Lastly, in order to ascertain that the data produced was 
representative of the soil as a whole, three jar tests were conducted for each soil and each 
polymer, with additional tests conducted when required.  
𝑃𝑆 =  
𝑀𝑠𝑜𝑖𝑙
𝑀𝑠𝑜𝑖𝑙+𝑀𝑤𝑎𝑡𝑒𝑟
;       (eq. 25) 
Where 𝑀𝑠𝑜𝑖𝑙 is the mass of the soil, and 𝑀𝑤𝑎𝑡𝑒𝑟is the mass of the water. Most of the jar tests 
were conducted at 15%solids by mass except for D-2, D-6, and D-15. Table 2 shows the percent 
solids concentration used for each sediment used in the jar test. Two of the study’s sediments (D-
2, and D-3) could not be tested because not enough soil was available to conduct the test. 
Additionally, the soil OS was not tested because it requires no flocculent for rapid sedimentation, 
and it does not produce a turbid supernatant when mixed with water, since it is a coarse sand. 
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Table 2: Table denoting the percent solids at which each sample was conducted 
Sample ID Percent Solids: Sample ID % Solids: 
K 15 D-6 5 
TS-f 15 D-7 15 
TS-c 15 D-8 10 
OS Could not test D-9 15 
ESL 15 D-10 15 
D-1 15 D-11 15 
D-2 5 D-12 15 
D-3 Could not test D-13 15 
D-4 Could not test D-14 15 
D-5 15 D-15 5 
 
3.3.3 Turbidity of the Supernatant 
In order to determine the optimum dose of the polymer, the turbidity of the flocculated 
suspensions was measured using nephelometric turbidity units (NTU) with a turbidity meter 
(Hatch 2100N turbidimeter, Figure 19). Following the settling period of the jar tests, a sample of 
28mL was taken from the supernatant of the solution. The sample was transferred via syringe to 
the testing vial, and placed in the turbidimeter. Using this procedure the turbidity was measured 
for all soil/polymer combinations at each dosing increment. 
 
 
 
 
57 
 
 
 
3.3.4 Centrifuge Test 
The compressive strength of the sediments were measured using a centrifugation test. The 
sediments were turned into slurries at 33%solids by mass and placed in a Champion S-50D (Figure 
20) centrifuge within 50mL vials and spun at 300, 400, 600, 800, 1000, and 1200rpm. Height 
measurements were taken at the end of each one hour spin cycle. In order to determine the yield 
stress (𝑃𝑦), and the volume fraction (𝜙) of the samples, the equations (eq. 26 – 28) proposed by 
Buscall and White (1987) were used: 
𝑃𝑦(𝜙) =  ∆𝜌𝑔𝜙0ℎ0(1 −
ℎ∞
2𝑅
) ;      (eq. 26) 
𝜙0 =
𝑀𝑠𝑜𝑖𝑙
𝐺𝑡𝑜𝑡∗𝜌𝑤𝑎𝑡𝑒𝑟
∗
1
(
𝑀𝑠𝑜𝑖𝑙
𝐺𝑡𝑜𝑡∗𝜌𝑤𝑎𝑡𝑒𝑟
+ 𝑉𝑤𝑎𝑡𝑒𝑟)
;     (eq. 27) 
𝜙 =  
𝜙0 ℎ0[1−
ℎ∞+𝑠
2𝑅
]
[(ℎ∞+𝑠)(1−
ℎ∞
𝑅
)+
ℎ∞
2
2𝑅
]
;       (eq. 28) 
Where 𝑃𝑦(𝜙) [kPa] is the yield stress of the material at a given volume fraction (𝜙), ∆𝜌 is the 
difference between the density of the solid and liquid, 𝑔 is gravity, ℎ0 is the initial height of the 
Figure 19: Photograph of the Hatch 2100N turbidimeter 
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slurry, ℎ∞ is the height of the solids at the end of the centrifugation period, R is the radius of the 
centrifuge, 𝜙0 is the initial volume fraction, and 𝑠 is the change in height over the change in the 
natural log of gravity (𝑠 =
𝑑ℎ∞
𝑑 ln 𝑔
).  
 
The initial volume fraction (𝜙0) refers to the ratio between the volume of solids in the slurry to 
the total volume. This value depends mostly on the specific gravity of the sediment, and can 
therefore vary for a given solids concentration. Figure 21 shows the relationship between the 
Figure 20: View of the Champion S-50D centrifuge with the test tubes used 
Figure 21: Volume fraction for materials of differing specific gravities at 33% solids by mass 
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initial volume fraction and their specific gravities at 33% solids by mass. 
The samples were tested both prior to polymer conditioning and at their optimum dose. This test 
considered the stress required to compress the sample. As the sample becomes compressed, the 
volume fraction increases, therefore samples with low volume fractions at high pressures are not 
very compressive, as compared to samples of smaller yield stresses versus volume fraction 
curves.  
The following test procedure was used for centrifuge testing:  
1- Prepare 150mL polymer solution of choice at optimum-dose (established during jar-
testing) for the given soil. This volume of solution will be enough for samples. 
2- Weight out 16.5gm of soil and place into each 50mL centrifuge test-tube. 
3- Weight out 33.5gm of optimum-dose polymer solution into a graduated cylinder and pour 
about half into a given test tube filled with soil, then cap and mix until the soil is fully 
wetted. Then remove the cap, add the remainder of the polymer solution and mix 
thoroughly with a stainless-steel rod. Be sure to clean out the rod between each use with 
DI-water. Repeat this step for as many samples required. 
4- Allow for the slurry in the test tubes to settle and record their height (𝒉𝟎), then place the 
test tubes within the centrifuge, and set the time/speed constraints required; run for 1-hr 
at 300, 400, 600, 800, 1000, and 1200rpm. 
5- At the end of each cycle, record the height of the slurry (𝒉∞), and then re-run the samples 
at next incremental speed. 
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3.3.5 Pressure Filtration Test (PFT) 
The pressure filtration tests (PFT) were conducted using acrylic testing chambers (7.2cm I/D x 
17cm) on a threaded base plate which is fastened with a geotextile sample; the setup is further 
detailed in Figure 22. The applied pressure was set to 35 kPa (5 psi) and was provided by a 
compressed air hose. The applied pressure was chosen to mimic the conditions which may be 
experienced in the field. The PFT allows the evaluation of the filtration efficiency (FE), the 
percentage dewatered (PD), the dewatering rate, specific cake resistance, soil loss, and the 
turbidity of the filtrate. This test has been used by many other researchers (Bhatia et al. 2013; 
Satyamurthy 2008; Muthukumaran and Ilamparuthi 2006; Liao and Bhatia 2005; Kutay and 
Aydilek 2004; Moo-Young et al. 2002), with slight variances in the size of the chamber and 
applied pressure. 
 Figure 22: Schematic view of the PFT system setup 
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The PFTs were conducted at 33% solids by mass with select polymers at the optimum dose. The 
concentration of the solids was chosen in order to allow for the formation of a relatively thick 
filter cake, much like what would be produced in the field.  
The following test procedure was used for the pressure filtration test:  
1- A circular geotextile specimen (7.2 cm diameter) is cut from the parent material and 
weighed. This is then secured to the PFT base, the acrylic cylinder is screwed into place 
and the seal is checked. 
2- Submerge the sample in 600mL of de-aired DI-water for 10 minutes before securing the 
threaded top cap. Then apply the 35kPa pressure gradient via the compressed air hose, 
and pass the water through the geotextile three consecutive times in order to get rid of 
any trapped air-bubbles and saturate the geotextile fabric. 
3- Prepare 600mL of 33% solids by mass slurry in a 1000mL beaker with DI-water with the 
polymer concentration of interest, and mix it for 5 minutes using the Phipps & Bird PB-
700 JARTESTER at 200rpm. 
4- Pour the slurry suspension into the testing reservoir and place a graduated cylinder under 
the outlet in order to collect the filtrate. Place the top cap and apply the 35kPa pressure 
gradient once everything is secured and the outflow valve was opened, allowing the 
suspension to pass through the geotextile. 
5- Volume and time measurements were taken every minute for the first 15 minutes and 
when required thereafter. Tests were considered complete when free water was no longer 
standing on the filter cake and when the filtrate flow rate was less than 0.0025mL/sec. 
6- Upon completion of the test, use calipers to measure the height of the filter cake and 
remove geotextile specimen filter cake from the testing apparatus. Additionally use a dial 
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pocket geotester (Figure 23 [Triggs Technologies, Inc.]) to measure the unconfined 
compressive strength of the soil. 
7- To calculate the percent solids of the filter cake, weigh a pan, and then reweight it with 
the filter cake, and place in an oven for 24-hr period. Once the specimen was dried out, 
reweigh the sample and calculate the percent solids. 
 
3.4 Sediments Used 
3.4.1 Origin of soils tested 
Fifteen different dredged materials were acquired from real world dewatering operations spread 
across the US and Canada. The sites from where these soils were obtained are shown in Figure 
24 and a more detailed description is given in Table 3. Alongside these “real-world” soils, five 
other soils were used for comparison purposes. These five soils consist of Kaolinite (K), Ottawa 
Sand (OS), Elliott Silt Loam (ESL), Tully Silt (TS-c), and Tully Fines (TS-f). The Kaolinite was 
obtained from Sigma-Aldrich, while the Ottawa Sand was obtained from US Silica in Illinois. 
Elliott Silt Loam (ESL) is a standardized soil obtained from the International Humic Substances 
Society (IHSS), and was selected to represent typical organic soils. ESL originates from the 
fertile prairie soils of Indiana, Illinois, and Iowa and consists of poorly drained silty-clay loam 
from glacial till. Both the Tully soils were obtained from Clark Aggregate Co. gravel pits located 
Figure 23: Photograph of the dial pocket geotester used to measure the strength of the 
filter cake 
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in Tully, New York. This soil is the result of the gravel washing process. Acquisition of this soil 
consisted of collecting 30kg batches, air drying, and wet sieving through a No. 200 Standard 
U.S. Sieve in order to end up with a separate coarser and finer fraction, designated respectively 
as Tully Silt (TS-c) and Tully Fines (TS-f). 
Additional clean sediments were used for sedimentation, centrifuge testing, and pressure 
filtration testing. For these tests, glass beads of different sizes, Ottawa Sand fractions, and Tully 
Silt fractions were used. These sediments were fractioned to evaluate the influence of particle 
shape, particle size, and the degree of dispersity. Dispersity refers to the degree to which the 
particle sizes are different. The mono-dispersed sediments obtained had most of the particles 
within a very narrow range.  
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Table 3: Type of Soil and Origin of Samples 
Sample ID Soil Type Soil Origin 
K Kaolin Clay Sigma-Aldrich 
OS Ottawa Sand US Silica 
ESL Elliot Silt Loam IHSS 
TS-c Tully Silt Tully, NY 
TS-f Tully Fines (silty clay) Tully, NY 
D-1 River Sediment Mill River, Fairfield, CT 
D-2 Pond Sediment Morse Pond, Southbridge, MA 
D-3 F.G.D Slurry Edmonton, Alberta, Canada 
D-4 Lime Sludge Massillon, Ohio 
D-5 Tailings Union Bridge, Maryland 
D-6 Retention pond Wyoming, Michigan 
D-7 River Sediment Mill River, Fairfield, CT 
D-8 Drilling Fines Enlow Fork, PA 
D-9 Drilling Fines Enlow Fork, PA 
D-10 River Sediment Mill River, Fairfield, CT 
D-11 River Sediment Mill River, Fairfield, CT 
D-12 River Sediment Grand Calumet River, IN 
D-13 River Sediment Alameda, CA 
D-14 River Sediment Mill River, Fairfield, CT 
D-15 Tailings Morgantown, WV 
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Figure 24: Map depicting the location of origin for the "real world" soil utilized in this study 
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3.4.2 Soil Characterization 
Figure 25 shows the full gradation of the fifteen sediments tested in this study, and Figure 26 
shows four standard sediments. As can be seen, the overall range of these sediments is quite 
large, although a few of the samples fall within a narrow range. Table 4 provides the major 
particle sizes along with the coefficients of curvature and uniformity of the tested sediments.  
Table 4: Soil Gradation Parameters for all Sediments and Standards 
Sample ID D10(mm) D30(mm) D50(mm) D60(mm)3 Cu1 Cc2 
K n/a n/a n/a n/a n/a n/a 
OS 0.660 0.840 1.010 1.070 1.6 1.0 
ESL 0.002 0.022 0.170 0.270 135.0 0.9 
TS-c 0.079 0.087 0.101 0.102 1.3 0.9 
TS-f 0.0073 0.05 0.08 0.1 13.7 3.4 
D-1 0.020 0.130 0.250 0.310 15.5 2.7 
D-2 0.002 0.025 0.160 0.270 135.0 1.2 
D-3 0.009 0.037 0.080 0.090 10.0 1.7 
D-4 n/a4 n/a n/a n/a n/a n/a 
D-5 0.004 0.008 0.080 0.120 34.3 0.2 
D-6 n/a n/a n/a n/a n/a n/a 
D-7 0.012 0.090 0.210 0.280 23.3 2.4 
D-8 0.012 0.180 0.400 0.570 47.5 4.7 
D-9 0.012 0.180 0.400 0.550 45.8 4.9 
D-10 0.013 0.100 0.220 0.270 20.2 2.8 
D-11 0.020 0.100 0.220 0.310 15.5 1.6 
D-12 0.015 0.110 0.180 0.210 14.0 3.8 
D-13 0.093 0.170 0.210 0.230 2.5 1.4 
D-14 0.003 0.030 0.110 0.195 65.0 1.5 
D-15 0.018 0.074 0.190 0.280 15.6 1.1 
Note: 1Cu = Coefficient of uniformity   (high values of Cu hint at well graded soils)  
2Cc  = Coefficient of curvature    (1 < Cc < 3 are most likely well graded)  
3Dn  = Particle size smaller than nth percent of soil 
4n/a = could not be measured in the lab, or no specifications were provided by supplier 
The coefficients of curvature and uniformity are quantitative measures to describe the gradation 
of the soil. Coefficients of curvature between 1 and 3 with a high coefficient of uniformity 
describe well graded soils, or soils that contain a good mixture of both coarse and fine grained 
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particles. Most of the soils in this study fell well within these boundaries and are therefore 
considered well graded, but others sediments such as D-5 is considered to be gap graded, and  D-
8, D-9 and D-12 are considered to be poorly graded. TS-c along with OS are uniformly graded, 
meaning that a large portion of the of their particulates fall within a narrow range.  
All the clean sediments used in the study are listed in Table 5 along with some basic properties 
and the tests which they were used for. As can be seen, the range of the particle sizes for these 
sediments are very limited.  
Table 5: Description of the Clean Sediments Used 
Sample ID 
(Name) 
Tests Employed 
(Name) 
Particle Size 
(mm) 
Specific Gravity 
(#) 
Sphericity 
(#) 
Glass Beads #30 Centrifuge 0.595 - 1.00 4.13 0.99 
Glass Beads #60 Centrifuge 0.250 - 0.595 2.34 0.99 
Glass Beads #230 Centrifuge 0.063 - 0.074 2.17 0.99 
Ottawa Sand #60 Centrifuge 0.250 - 0.595 2.61 0.71 
Ottawa Sand #80 Centrifuge 0.177 - 0.021 2.62 0.68 
Ottawa Sand #100 Centrifuge 0.149 - 0.177 2.56 0.68 
Tully Silt #140 Centrifuge 0.105 - 0.125 2.68 0.66 
Tully Silt #200 
Centrifuge / PFT / 
sedimentation 
0.074 - 0.088 2.67 0.63 
Tully Silt #230 
Centrifuge / PFT / 
sedimentation 
0.063 - 0.074 2.66 0.63 
Tully Silt #270 
Centrifuge / PFT / 
sedimentation 
0.053 - 0.063 2.64 0.64 
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Figure 25: Gradation of “real-world” soils used in this study (not shown: D-4, D-6) 
Sieve #4 Sieve # 200 
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Figure 26: Gradation of the standard materials used in this study (not shown: K) 
Sieve #4 Sieve # 200 
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From the gradations curves of these fifteen sediments, it can be seen that most of the soils are 
considered coarse grained soils, given that few of them contain more than 50% fines. This 
stipulation may be misleading though, given than most soils contain between 20% and 40% 
fines, and are slightly coarser than medium grained sand. Additionally, many of these sediments 
contain some amount of clay particulates. The presence of clays would suggest that the soils 
should be cohesive in nature, as thus proved by the Atterberg plasticity test results shown in 
Figure 27. 
Figure 27 relates the liquid limit of the individual sediment to its plasticity index in order to 
better categorize the soil. The red, U-line, represents the upper bound of known soils and the 
blue, A-line, separates the silts from the clays. It can be seen that most of the soils in this study 
fall well within the MH zone, which represents highly elastic silts, and a few soils find 
themselves on the border of the CH-zone (highly plastic clays), OL-zone (organics with low 
plasticity), and the ML-zone (silts with low plasticity). Knowledge about these properties is 
important because they influence the soil’s compressibility, permeability, and undrained shear 
strength among other properties. Soils with high plasticity index (PI) usually have a low 
permeability and are compressible. Similarly, those soils that fall within the organic range are 
likely to experience some form of decomposition or degradation over time, and are prone to 
having significant secondary consolidation. 
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Figure 27: Soil Plasticity Chart for all Cohesive Soils 
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By examining the scanning electron microscope (SEM) images of the sediments, it became 
apparent that many of the sediments contained diatoms. Diatoms are single celled silicate 
covered algae. These algae, therefore further suggest the presence of organic matter within these 
samples. Figure 28 is an example of the SEM images for D-6, which contains diatoms. For the 
most part, the diatoms were fractionated, but some were found completely intact, such as the one 
found in Figure 28. Eleven of the sediments in this study were found to contain diatoms. 
 
Note: X5000 magnification 
3.4.3 Geotextile Characterization 
All of the pressure filtration tests were conducted using a woven, monofilament, polypropylene 
(PP) geotextile (W-GT). This material was selected since numerous studies have previously been 
conducted on this geotextile (Maurer et al., 2012; Grzelak et al., 2001l Khachan et al., 2011; 
Satyamurthy and Bhatia, 2011), and moreover it is a prominently used in dewatering projects 
across the US. This geotextile has a high tensile strength (96 x 70 kN/m [Longitudinal x Cross 
Direction]) as compared to other geotextiles, and has an apparent opening size (AOS) of 
Figure 28: SEM image for soil D-6  showing a Diatom 
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0.26mm. Table 6 contains the full description of W-GT’s properties as provided by the 
manufacturer and Figure 29 shows an image of the geotextile. 
Table 6: Geotextile Properties 
Geotextile Properties W-GT Units 
Polymer Type PP1 ( - ) 
Fabric Structure Woven, Monofilament ( - ) 
Mass per unit area 585 (g/m2) 
Thickness 1.04 (mm) 
AOS2 0.425 (mm) 
AOSSU
3 0.26 (mm) 
Permittivity 0.37 (1/s) 
Tensile Strength 96 x 70 (kN/m) 
Note: 1PP = Polypropylene  2AOS = Apparent opening size  
3AOSSU = AOS as measured by Khachan 2009  
 
 
Note: 1SEM = Scanning Electron Microscope 
3.4.4 Flocculent Characteristics 
This study focuses on three cationic polyacrylamide (C-PAM) polymers obtained from BASF as 
the flocculating agents. Although cationic polymers are considered to pose a greater threat to 
aquatic environments than anionic polymers, should they be released in moderate concentrations 
via the effluent, these were chosen because the bonding mechanism between the soil and 
Figure 29: Photograph of the W-GT, its weave pattern, and an SEM1 image at 25X 
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polymer is much simpler; the negatively charged finer particles in the soil will attract the 
positively charged polymer chains.  
 
Polyacrylamide is made up of repeating acrylamide (C3H5NO) units, and forms a simple linear-
chain structure. This linear-chain structure should not be thought of as a rod, since the polymer is 
not rigid, but rather highly flexible and its general shape is dependent on its charge density (CD). 
A polymer with a high-CD will be prone to straighten itself out due to the self-repulsion imposed 
by the repeating units, while a low-CD polymer is more prone to self-entangle. All three of the 
C-PAM polymers used in this study are high-molecular weight (MW) range polymers with 
charge densities varying from low to high. The specific properties of the selected polymers are 
described in more detail in Table 7. 
Table 7: Polyacrylamide Charge Density and Molecular Weight  
Polymer 
Name 
Charge 
Charge 
Density 
Determined        
Charge Density 
by SCM1                        
(meq/g) 
Molecular 
Weight 
Molecular 
Weight2            
(g/mol) 
C-PAM-I Cationic (+) low 1.15 High 11 - 15*106 
C-PAM-V Cationic (+) Medium 1.80 High 11 - 15*106 
C-PAM-X Cationic (+) High 2.85 High 11 - 15*106 
Note: 1SCM = Streaming Current Method, Syracuse University 2Molecular Weights based off work by Davydov 2012 
Figure 30: Representation of the cationic polymer chain for polyacrylamide 
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All of the polymers used in this study were obtained from Ciba Corp. in powder form and 
solutions were prepared on a bi-weekly basis. Solutions were prepared with DI-water in 500mL 
batches which were allowed to dissolve over a 48-hour period with periodic mixing of the 
container. Additionally, these were mixed briefly (2-minutes) prior to every use.  
 
 
 
 
 
76 
 
Chapter 4 Test Results: Physical and Chemical Properties of the Sediments 
 
4.1 Specific Gravity and Mineralogy 
The specific gravity (Gs) of a material is the ratio between the density of the material, and that of 
water (i.e.: when a material has a Gs = 3, it is 3X heavier than water). Therefore the specific 
gravity of a soil influences the buoyancy of the soil and its settling velocity. For particles of 
equal size, soils with a lower specific gravity will settle out of suspension at a slower rate than 
those with higher specific gravity. Specific gravity also serves as an indicator of the 
mineralogical makeup of a soil when used in conjunction with other soil parameters.  
Table 8 shows the Gs for all the soils used in this study. Since Gs represents the ratio of the 
density between soil and water, it should be mentioned that the values presented in Table 8 are 
valid for water at 20oC. Furthermore, the table is divided into three columns, each of which 
contains Gs values; mineral fraction, minimum total, and maximum total. As was mentioned in 
Section 3.2.2: Specific Gravity, some soils contained significant amounts of organics which 
hindered the Gs measurements, therefore, the organic portion of the soils was burned off and 
what remained was dubbed the “mineral fraction”, the remaining two data columns make up the 
possible Gs range of the soil by combining the mineral fraction and an average 
minimum/maximum (1.47 / 1.52) organic material Gs value by way of equation 19. Gmin tot 
therefore is the specific gravity for the whole specimen, using the minimum specific gravity for 
the organic fraction, and Gtot max would be using the maximum specific gravity for the organic 
fraction. 
𝐺𝑡𝑜𝑡 = 𝐺𝑚𝑖𝑛𝑒𝑟𝑎𝑙(1 − %𝑆𝑂𝑀) +  (𝐺𝑂𝑀 ∗ %𝑆𝑂𝑀);     (eq. 19) 
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Table 8: Specific Gravity of Sediments and Standard Materials 
Sample ID 
Gs (20oC) 
(Mineral Fraction) 
Gtot min 
(Total) 
Gtot max 
(Total) 
K 2.36 2.36 2.36 
TS-f 2.43 2.42 2.42 
TS-c 2.57 2.56 2.56 
OS 2.65 2.65 2.65 
ESL 2.67 2.59 2.59 
D-1 2.76 2.65 2.66 
D-2 2.30 2.10 2.12 
D-3 2.62 2.55 2.55 
D-4 2.42 2.40 2.40 
D-5 2.77 2.05 2.08 
D-6 3.22 2.99 3.00 
D-7 2.85 2.68 2.69 
D-8 2.54 2.50 2.51 
D-9 2.68 2.64 2.64 
D-10 2.80 2.64 2.65 
D-11 2.74 2.61 2.61 
D-12 2.80 2.58 2.59 
D-13 2.70 2.68 2.68 
D-14 2.65 2.49 2.50 
D-15 2.70 2.57 2.58 
Note: 1Gs = Specific Gravity 
2Gtot min  = Gs with minimum value associated with the organic fraction (1.47)   
3Gtot max  = Gs with maximum value associated with the organic fraction (1.52) 
The range of Gs values for the mineral fraction is between 2.30 and 3.22, meanwhile, the typical 
range of Gs for soils used in most geotechnical applications ranges between 2.4 and 2.8 (Table 
9). These values are dependent on the mineralogy of the soil grains, and can therefore provide an 
idea about the composition of the soil. Table 9 provides a list of common minerals and their 
specific gravities as comprised by Larson and Berman (1934). The range of values observed for 
the entire soil mixture (mineral and organic fractions) is between 2.05 and 3.00. Although most 
of the soils fall well within the typical range of Gs for geotechnical applications, some, such as 
D-2, D-4, and D-5 constitute the lower end of the spectrum (2.05 – 2.16). As mentioned 
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previously D-4 is a product of liming, and the range of Gs for limestone is between 2.3 and 2.7, 
which agrees reasonably well with the Gs for the mineral fraction of D-4, along with its carbon 
content (Table 14) which is also approximating that of calcium carbonate (CaCO3 [C ≈12%]), 
limestone’s component. Then there is D-5, which originates from a mining operation 
Table 9: List of Common Minerals and Specific Gravities  
(Larson and Berman 1934) 
Mineral Gs Mineral Gs 
Gypsum 2.32 Dolomite 2.87 
Montmorillonite 2.5 - 2.8 Biotite 2.94 
Kaolinite 2.6 Augite 3.2 - 3.4 
Illite 2.66 - 2.72 Hematite 5.2 
Chlorite 2.6 - 3.0 Magnetite 5.17 
Quartz 2.66 Muscovite 2.8 - 2.9 
Talc 2.7 Calcite 2.72 
 
and in its slurry form has a black tar-like color to it and a silty texture to it, but in its dry form it 
is a very powdery and light soil with a significant amount of organic matter (SOM ≈ 55%). Since 
D-5 has relatively high amounts of carbon (C ≈ 29%), and is related to a mining operation, it 
seems plausible that there might be coal in the soil, given that the Gs of coal ranges between 0.5 
and 2.7 depending on how much it has been processed. Lastly, D-2 is pond sediment with 
relatively high amounts of organic matter (SOM ≈ 24%) and a high amount of fines (33% < 
0.074mm), which helps explain why it would have a Gs = 2.12. 
Alternatively, the only soil which stands out for having a high Gs is D-6 (Gs = 3.22). This soil, 
although originating in a retention pond, is located next to a pharmaceutical company, which 
may explain its high Gs value, if dumping occurred in the pond. The soil itself is dark red, 
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therefore it suggests a highly oxidized and weathered state, but it shows no sign of magnetism, so 
it most likely does not contain iron oxides.  
 
 
Figure 31 is a histogram of the specific gravities measured in this study. The red bars depict the 
mineral fraction, while the blue bars represent the average Gs value obtained when computing the 
maximum and minimum total Gs of the soil. As was mentioned previously, most natural soils 
range in their Gs between 2.4 and 2.8. This figure shows that most of the tested sediments Gs 
values also fall within the aforementioned range, but by introducing organic matter into the 
mineral fraction reduces the Gs below this range.  
4.2 Particle Shape 
Particle shape, although not commonly measured, provides information regarding how likelihood 
of particles becoming interlocked. Table 10 lists the average sphericity measurement for each 
sediment. Particle shapes for the sediments which were fine-grained, were not measured by this 
Figure 31:  Histogram for the Specific Gravity of the Mineral Fraction and the Sediment as a 
Whole 
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method. It can be seen that most of the sediments used in this study have a sphericity between 
0.70 – 0.80, with just one soil (D-15) above 0.90, and no soils below 0.75. 
Table 10: Sphericity Measurements of the Sediments Tested 
Name: Sphericity1,2: Name: Sphericity: 
K3 - D-6 0.804 
TS-f2 - D-7 0.777 
TS-c 0.773 D-8 0.797 
ESL 0.839 D-9 0.724 
OS 0.834 D-10 0.781 
D-1 0.832 D-11 0.794 
D-2 0.764 D-12 0.787 
D-3 0.792 D-13 0.839 
D-42 - D-14 0.803 
D-52 - D-15 0.907 
Note: 1 = Tested by Louis Lafata, Syracuse University  2 = measurement is the average of 50 
 3= Sediment was too fine to measure accurately 
 
 
Figure 32: Picture of (a) D-2, and (b) D-14 for Sphericity Measurements 
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Comparatively, the clean sediments (Table 11) used in the parametric studies observe a broader 
range of sphericities. The glass beads are almost perfectly spherical with sphericities of 0.99, the 
Ottawa Sands ranging between 0.66 to 0.70, and the Tully Silts in the range of 0.63 – 0.66.  
Table 11: Sphericity Measurements for the Clean Materials Used  
Sample: Sample: Sample: Sample: 
Glass Beads #30 0.990 Ottawa Sand #100 0.682 
Glass Beads #60 0.998 Tully Silt #140 0.660 
Glass Beads #230 0.999 Tully Silt #200 0.658 
Ottawa Sand #60 0.707 Tully Silt #230 0.628 
Ottawa Sand #80 0.682 Tully Silt #270 0.645 
 
 
 
  
Figure 33: Picture of (a) Glass beads, and (b) Ottawa Sand for Sphericity Measurements 
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4.3 Organic Content 
Soil is created by different means, most notably is physical weathering which is responsible for 
sandy, silty, and gravely soils, then there is chemical weathering which is responsible for clayey 
soils. There does exist however, a third process by which soil may be formed, but it is usually 
overlooked in geotechnical engineering. This method is responsible for soil organic matter 
(SOM). Soil organic matter is a product of two divergent forces, namely the accumulation of 
organic substances from plant litter, and the decomposition of those substances by microbial 
activity. Both of these forces influence the type and amount of organic matter. Table 12 lists the 
amount of SOM found present within the tested soils. 
Table 12: Table Listing the SOM per Sample as a Percentage by Mass 
Sample ID Organic Content1 (%) Sample ID Organic Content (%) 
K 0.00 D-6 13.16 
TS-f 0.81 D-7 12.06 
TS-c 0.59 D-8 3.14 
OS 0.00 D-9 3.61 
ESL 6.86 D-10 11.61 
D-1 8.65 D-11 10.72 
D-2 24.08 D-12 16.77 
D-3 5.83 D-13 1.24 
D-4 2.71 D-14 13.48 
D-5 55.43 D-15 9.98 
Note: 1 = SOM is the average of three measurements 
Although testing allowed for the estimation of the amount of SOM, it was difficult to know the 
nature of the organic matter present in the soils. Oades (1989) stipulates that there are roughly 
five groups of SOM: carbohydrates, proteins, fats/resins/waxes, and hydrocarbons. These 
differing types of SOM may affect some soil properties each in their own way, but in general 
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they are responsible for reducing the specific surface area of soils, increasing its compressibility, 
reducing its density, increasing its CEC, promoting aggregation, increasing its liquid limit and 
plasticity among other things. For these reasons, SOM is an important parameter to measure.  
The measured SOM values range between 0% and 55.4%, with an average value of about 11%. 
The soils with very little SOM (< 2%) were K, TS-f, TS-c, OS, and D-13. These five soils consist 
of kaolin clay, sandy silt, pure Ottawa sand, and gap graded river sediments with less than 6% 
fines and a D50 = 0.23mm. All of which helps to explain why there was little to none SOM 
present in these samples. Soils with very high amounts of SOM (> 15%) include D-2, D-5, and 
D-12. These three soils are pond sediments with about 33% fines, mine tailings, and well graded 
river sediments with 19% fines.  
4.4 Specific Surface Area (SSA) 
The specific surface area (SSA) of a material is the ratio of the surface area per unit mass 
(m2/gm). This property is very important for fine grained soils and can vary greatly depending on 
the mineralogy, particle size distribution, and organic content of the soil. Fine grained soils are 
more likely to have a greater specific surface area (SSA) than coarse grained materials. Some 
clays such as kaolinite have been noted for having relatively low SSA in the range of 10 – 20 
m2/gm as opposed to other clay minerals which have larger interstitial basal spacing, such as 
vermiculite, which has a SSA in the range of 40 – 80 m2/gm (Mitchell 1993). This property can 
be used in conjunction with the cation exchange capacity of the soil to determine the particle 
charge density of the soil via equation 26: 
𝜎 =
𝐶𝐸𝐶
𝑆𝑆𝐴
         (eq. 29) 
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Where 𝜎 is the particle charge density (meq/m2), 𝐶𝐸𝐶 is the soil’s cation exchange capacity 
(meq/100gm), and 𝑆𝑆𝐴 is the specific surface area (m2/gm).   
Table 13 gives the SSA of the sediments and standard sediments. Each value given is the average 
of three different measurements. The values obtained for kaolin fall well within the expected 
values, and has a standard deviation of less than 1 m2/gm. Other values of interest include TS-f, 
TS-c, OS, ESL, the standard sediments tested. For these sediments, the influence of particle size 
and organic matter become apparent. The finer the sediment, the more likely it will to have a 
larger SSA. The amount of SOM for ESL, thus explains why even with a similar median particle 
size to the TS soils, the SSA is significantly higher (ESL = 63 m2/gm, TS-F = 11 m2/gm). As for 
the study’s sediments, D-2, D-5, and D-6 have significantly elevated SSA values. Soil D-2 is 
very well graded, has a D10 = 0.002 mm, and contains 24% organic matter, all of which helps in 
explaining its SSA. Soil D-5, is much more uniformly distributed, but contains 55% organic 
matter, and has a larger D10, which explains why the SSA is lower even though the organic 
content is more than twice that of D-2. The grain size distribution for soil D-6 could not be 
measured, so not much can be said about the nature of this soil, but it has a lower organic content 
compared to soil D-2 and D-5, which leads to the conclusion that it must contain some very fine 
particulates in order to have such a large specific surface area. 
From Figure 34, it can be seen that the SSA of the sediments may be estimated using the 
coefficient of uniformity (Cu, p-value = 0.0001) and the amount of soil organic matter (SOM, p-
value = 0.0075). Although, just using these two predictors results in an underestimation of the 
actual SSA, it can be seen that these two variables play an important role in determining the SSA 
of the sediments. 
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Table 13: Specific Surface Area of the study’s soils 
Sample ID SSA (m2/gm )1 Sample ID SSA (m2/gm ) 
K 14.74 D-6 130.33 
TS-f 11.83 D-7 57.50 
TS-c 4.94 D-8 75.39 
OS 0.49 D-9 75.22 
ESL 63.94 D-10 45.85 
D-1 46.07 D-11 37.77 
D-2 141.08 D-12 45.54 
D-3 23.82 D-13 20.74 
D-4 9.44 D-14 72.46 
D-5 94.36 D-15 90.25 
Note: 1 =   Each value is the average of three separate measurements 
 
Figure 34: Estimated SSA against Measured SSA 
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4.5 Carbon Nitrogen Ratio 
The ratio between the carbon content and nitrogen content (C:N) of a soil is a good indicator of 
its fertility, therefore this parameter is predominantly used for agricultural applications. 
Alternatively, total carbon may be used as an indicator of the organic matter content of the soil. 
This estimate proved to be helpful in determining erroneous Loss on Ignition (LoI) values. As 
was mentioned in Section 3.2.6, the issue of dehydrating the interstitial sites of clayey soils was 
of concern, therefore the relationship between soil carbon and SOM allowed the determination of 
false positives within the data. The SSA Book Series: 5, Methods of Soil Analysis states that the 
ratio of organic matter to organic carbon (OC) is 1.724, although other sources such as Lunt 
(1931) suggests a value between 1.86 – 1.89, and Loftus (1966) suggests that for mineral and 
organic soils it should be 2.2 and 1.8 respectively. Figure 36 plots some of the suggested 
correlations from literature for OC and SOM, additionally it contains the original SOM values 
obtained by conducting LoI at 550oC for a 24-hr period. In plotting the data against the 
relationships established in literature, it becomes obvious that some of the SOM values obtained 
for some soils in this study are overestimated, and fall well outside the bounds established in 
literature. 
In order to approximate the true amount of SOM of the sediments, a test was conducted to 
estimate the amount of time required before the interstitial sites of kaolinite became significantly 
dehydrated (> 2%), and the time required for a standard organic soil to fully combust. This led to 
a 2-hr burning period at 350oC, which ensured that less than 3% mass would be lost in the 
kaolinite via dehydration, and that at least 97% of the organic material (58% total) in the 
standard would be removed (Figure 35). 
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This alteration to the method resulted in Figure 37, which has a much stronger fit, and better 
indicates which soils have high amounts of carbon with low SOM. 
Figure 35:  Loss on ignition values for kaolinite and standard organic soil from Vermont  
at 350 oC 
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 Figure 36: Plot for various soil carbon to SOM relationships, and original LoI (550 oC for 24-hr period) data 
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 Figure 37: Plot for various soil carbon to SOM relationships with the adjusted LoI (350 oC 2-hr period) data 
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Table 14: Carbon and Nitrogen ratio for standards and tested sediments 
Soil Name: 
Carbon Nitrogen Ratio1 
Soil Name: 
Carbon Nitrogen Ratio 
( %C) ( %N ) C:N ( %C) ( %N ) C:N 
K 0.09 0.04 1.99 D-6 8.05 0.25 31.58 
TS-f 4.66 0.04 114.43 D-7 6.39 0.23 27.31 
TS-c 3.98 0.01 398.00 D-8 2.56 0.10 26.12 
OS 0.01 0.00 BDL2 D-9 2.94 0.14 21.69 
ESL 2.98 0.27 11.18 D-10 6.08 0.29 20.91 
D-1 6.70 0.23 28.93 D-11 8.34 0.26 31.73 
D-2 12.21 0.88 13.91 D-12 8.80 0.28 31.57 
D-3 1.26 0.04 28.27 D-13 0.32 0.04 8.81 
D-4 11.87 0.06 211.93 D-14 6.71 0.43 15.50 
D-5 28.87 0.17 171.66 D-15 1.69 0.08 21.13 
Note: 1 = The result of a single test  2BDL = Below Detection Limit   
From Figure 37, it can be seen that there are four soils which can be classified as outliers; TS-f, 
TS-c, D-4, and D-15. Both TS-f and TS-c soils have been washed and processed, therefore low 
SOM is to be expected, and the amount of carbon found in the soil is relatively the same, which 
points to a mineralogical property and is therefore inorganic carbon. Soil D-3 is a flue-gas 
desulfurizer, and may therefore have elevated levels of carbon in the form of un-combusted 
CaCO3. Similarly, soil D-4, is a product of the liming process, white in color, and as was 
mentioned in Section 4.1.1 contains roughly the same proportion of carbon as does CaCO3, 
which helps explain its exaggerated C:N ratio. Lastly, D-15 is a byproduct of a mining operation, 
and experiences significant shrinkage during the drying process, meaning that it might contain 
some montmorillonite, which begins to loose interstitial water at 200oC (Bala 2000). This would 
help explain the elevated LoI values, and can be argued with the aid of SEM pictures of D-15 
(Figure 38), which is shows mineralogy resembling that of montmorillonite. 
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4.6 Cation Exchange Capacity (CEC) 
A soil’s cation exchange capacity is an indirect measurement of a soil’s clay content, SOM, and 
its specific surface area. Sands and silts are said to be inert, mostly composed of quartz, and 
generated by physical weathering processes, therefore they have a cation exchange capacity 
(CEC) close to zero. Additionally, the specific surface of coarse sands and silts can range 
between 0.0023 – 0.0454 m2/gm (van de Graaff 2001). The specific surface area of a soil is an 
indicator of the space available for cations to adsorb onto. Alternatively, clay particles are 
products of chemical weathering and suffer from isomorphous substitutions and other defects 
within their crystalline lattices. Isomorphous substitution refers to imperfections within the 
crystal structure of a clay particle via the substitution of a given cation by that of a lower valence 
(i.e.: Si4+ is substituted out by Al3+). This substitution creates a permanent net negative charge on 
the clay particle, which attracts cations in solution. The ability to attract more cations is 
dependent on the specific surface of the material and its charge. The specific surface of clayey 
Figure 38: SEM image of D-15 at X2000 magnification 
D-15 
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minerals can range between 10 – 800 m2/gm (van de Graaff 2001) and are more likely to be 
charged, therefore more likely to have higher CEC. It should be noted however that “older” 
clays, those which have been extremely weathered, much like kaolinite, lose their CEC, therefore 
a high clay content does not necessarily result in a higher CEC (Brady 1974). Additionally SOM 
is also negatively charged, and has a much higher specific surface area as compared to clays, 
therefore it may further raise the CEC of the soil, regardless of it being predominantly sandy or 
clayey (Mitchell 1993) 
In Table 15, the CEC values for the soils tested in this study are provided. CEC values below 5 
are considered low and can represent sands, values between 5 and 10 are medium and represent 
sandy loams, values between 10 and 50 are high and represent silt loams and clays, and values 
above 50 meq/100gm are considered very high and represent clayey and organic soils (AgSource 
Co-op). On average most soils are found to contain CEC values between 5 and 35 meq/100gm. 
From the tested sediments only kaolinite (K) has a low CEC, and only D-3 has a very high CEC 
value. K is a purely clayey soil and it is known to have a low CEC between 3 and 15 (Brady 
1974). As for D-3, it is not considered a soil, but rather FGD waste, and may quite likely contain 
high amounts of limestone, which would explain its elevated affinity for calcium (Table 15). 
Note that the soils with missing data were not tested because they were not included in this study 
at the time of testing. 
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Table 15: Cation Exchange Capacity for All Sediments and Standards 
Sample ID 
C.E.C (meq/100gm)1 
    Rank Ca Na Al Mg K Total: 
TS-c        n/a DNT2 DNT  DNT  DNT DNT  0.00 
OS        n/a DNT DNT DNT DNT  DNT  0.00 
K       Low 0.99 0.05 0.04 0.04 0.01 1.12 
D-1     Medium 4.31 0.55 BDL3 0.41 0.02 5.29 
D-11     Medium 4.88 0.73 0.00 0.43 0.02 6.06 
D-10     Medium 5.76 0.84 BDL 0.39 0.02 7.02 
D-13     Medium 5.97 0.91 BDL 0.24 0.00 7.12 
D-7     Medium 6.18 0.71 BDL 0.34 0.02 7.25 
D-14     Medium 7.07 1.81 BDL 0.49 0.02 9.38 
ESL        High 12.29 0.01 BDL 0.10 1.38 13.78 
D-2        High 17.00 0.19 0.01 0.04 0.02 17.25 
D-4        High 20.51 0.03 BDL 0.76 0.03 21.33 
TS-f        High 24.81 0.01 BDL 0.02 0.07 24.90 
D-12        High 31.93 0.03 BDL 0.04 0.11 32.10 
D-9        High 32.22 0.07 BDL 0.03 0.13 32.45 
D-15        High 34.78 0.85 BDL 0.29 0.01 35.93 
D-8        High 39.38 0.08 BDL 0.02 0.13 39.59 
D-5        High 42.65 0.02 BDL 0.03 0.87 43.57 
D-6        High 48.51 0.05 BDL 0.02 0.06 48.65 
D-3   Very High 208.08 0.02 BDL 0.01 0.11 208.21 
Note: 1  = The result of a single test  2DNT  = Did not test   
3BDL  = Below detection limit 
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4.7 Soil pH 
The pH of a soil is a measure of the activity of hydrogen ions, which can tell us if the soil is 
alkaline or acidic (pHw). The pH of soil in a 0.01M solution of CaCl2 (pHs) is an interpretation 
for the degree of saturation of a soil by cations other than hydrogen. The difference between pHw 
and pHs can range from 0 to 1.1 depending on the salt content of the soil. Soils with low amount 
of alkaline salts such as Ca2+ will observe larger deviations from their pH in water when exposed 
to this calcium chlorite solution.  
The pH values for the studied sediments ranges between 3.69 – 10.12 (pHw) and 3.14 – 9.54 
(pHs). Most soils were slightly acidic or slightly alkaline, with K and D-2 being very acidic. Soil 
K had a pHw = 3.69, which matched the manufacturer’s notes, and D-2 had a pHw = 4.87. 
Alternatively D-4, the lime waste, was very alkaline with a pHw = 10.12. In Figure 39 the 
reported pHw values are plotted against the pHs of each soil. The soils showed no significant 
deviation from one measurement to the other, except for K, which deviated by more than 5%. 
From the CEC data, this was to be expected since K had the lowest CEC and most of the other 
soils were dominated by exchangeable Ca2+. A change between pHw and pHs is more likely to 
occur when a soil has low amounts of salts. It should be noted that in general, most of the soils 
observed a pHw within a narrow range (6.5 - 8, with an average of 7.14), which does not 
constitute a very diverse sample group. 
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Table 16: pH of Sediments Tested in Both Water and Calcium Chloride Solutions 
Soil Name: pHw pHs Soil Name: pHw pHs 
K 3.69 3.14 D-6 6.81 6.74 
TS-f 8.34 7.7 D-7 6.74 6.63 
TS-c 7.72 7.63 D-8 8.18 7.97 
OS 7.84 7.67 D-9 8.21 7.88 
ESL 6.56 6.27 D-10 6.92 6.92 
D-1 7.08 6.75 D-11 6.62 6.52 
D-2 4.87 4.74 D-12 6.74 6.56 
D-3 7.6 7.6 D-13 7.64 7.76 
D-4 10.12 9.54 D-14 6.4 6.24 
D-5 7.32 7.15 D-15 7.4 7.65 
Note: 1pHw  = pH of soil-water mixture with DI-water 2pHs  = pH of soil in a 0.01M solution of CaCl2 
 
  
Figure 39: Soil pHw and pHs Values 
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4.8 Zeta Potential 
The zeta (ζ) potential refers to the energy needed to overcome the repulsion between individual 
soil particles. These values are heavily pH dependent given that at different pH levels different 
salts may become soluble or fall out of solution, thus altering the ionic concentration of the soil 
particle’s surface. This ionic concentration of the surface of the soil particle is what governs the 
ζ-potential of the soil.  Although the ζ-potential is pH dependent, the values presented in Table 
17 were obtained at each soil’s own pH, meaning the aforementioned pHw.  
The ζ-potentials for these soils ranged between -28.60 to 2.63mV.  In general ζ-potential values 
are considered low if they are between 0 - 5mV, medium between 5 - 50mV, and high if greater 
than 50mV as either a positive or negative charge. Low values mean that the soil is destabilized 
and will flocculate easily, while high values mean that the soil is highly stabilized and will 
remain in a dispersed state. The results listed in Table 17 are for the most part considered to have 
moderate repulsive energies, with only D-4 soil in the low category. As was mentioned 
previously, D-4 is a byproduct of the liming process, and therefore has significant amounts of 
calcium, which made it alkaline and brought its charge into the positive range with a ζ = +2.63.  
Since these values represent the energy required to overcome the repulsive field of the soil, they 
are therefore indicative for the amount of polymer needed to induce flocculation. It should be 
pointed out, that charge neutralization is not the only mechanism involved in the flocculation 
process, and therefore the ζ-potentials should not be taken in absolute terms, but rather as an 
estimate for polymer dosing in order to induce flocculation. For example, TS-c has only a 
slightly different charge to TS-f, and yet the former requires no polymer conditioning since it is a 
sandy material, while the latter being a more silty clayey material required polymer conditioning.  
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Table 17: Average Zeta Potential for Standards and Sediments 
Sample ID Zeta Potential (mV)1 Sample ID Zeta Potential (mV) 
K -23.55 D-6 -6.71 
TS-f -23.52 D-7 -26.54 
TS-c -22.25 D-8 -12.27 
OS -19.47 D-9 -16.84 
ESL -22.67 D-10 -28.60 
D-1 -27.62 D-11 -22.29 
D-2 -26.90 D-12 -19.47 
D-3 -18.26 D-13 -15.53 
D-4 2.63 D-14 -27.06 
D-5 -20.96 D-15 -12.59 
Note: 1 = Average Zeta potential from 20 measurements taken at soil’s pHw  
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4.9 Streaming Current (Particle Charge Density) 
Particle charge density, is a measure of the amount of charge required to neutralize a given 
amount of soil, either negatively or positively charged. Table 18 lists the particle charge density 
values for all the sediments tested in this study. The data range between 0.0003 meq/gm and 
0.0209 meq/gm with the lower end being attributed to clean sands, and the higher to soils with 
higher amounts of clays and organic matter.  
Table 18: Average Particle Charge Density for Standards and Sediments 
Sample ID 
Particle Charge 
Density (meq/gm)1 
Sample ID 
Particle Charge 
Density (meq/gm) 
OS 0.0003 D-9 0.0052 
TS-c 0.0009 D-1 0.0060 
D-3 0.0014 D-10 0.0062 
TS-f 0.0020 D-14 0.0065 
D-15 0.0020 D-11 0.0065 
D-13 0.0021 D-7 0.0065 
D-4 0.0023 ESL 0.0068 
D-5 0.0025 D-6 0.0112 
D-12 0.0040 K 0.0148 
D-8 0.0046 D-2 0.0209 
Note: 1 = Average Particle Charge Density of three measurements by the Streaming Current Method, Syracuse University 
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4.10 Summary 
Gaffney (2001) has proposed a schematic to aid in classifying the different types of dredged 
sediments to be dewatered based on three basic index properties of the material; grain size, 
cohesive nature, and organic matter content (Figure 40). This schematic presents a very simple 
way to visualize how the slurries from different industries differ between each other. It is simple 
to visualize that the beach sands are the most easily dewatered, having the largest median grain 
size, little to no cohesion, and no organic matter, therefore representing a highly permeable soil. 
Conversely, opposite the beach sand, the sewage wastes are often composed of a very 
heterogeneous mixture of organic matter and high amounts of colloidal particles, with inter-
particulate cohesion. This mixture would result in a very gunky substance which will have a low 
permeability and possibly clog the geotextile tube, thus polymer conditioning is required for 
dewatering. 
Even though this schematic provides a great visual, and defines the sorts of sediments that one 
may expect to treat across different industries, it is not capable of providing a way to predict the 
dewatering behavior of the slurries and the need for polymer conditioners. In Figure 41, the 
sediments used in this study are plotted according to Gaffney’s schematic. Minor adjustments 
were made in order to achieve a similar representation to Gaffney’s schematic. The z-axis 
represents the percentage of the soil passing the #200 sieve (% < 0.074mm); those soils with low 
percent fines are more likely to be coarse grained, and the converse is also true. As for the 
cohesive nature of the soils, no actual value may be achieved without performing strength 
parameter tests, therefore instead of cohesion, the plasticity index (PI) was used, given that soils 
with a high PI are more cohesive. Lastly, the adjusted SOM values obtained from the loss on 
ignition test, are plotted to represent the soil organic matter content.  
100 
 
 
As can be seen in Figure 41 the most of the soils obtained in this study are centered among a 
central cluster of low plasticity, medium SOM and some fines, with a few soils falling outside 
this range. Some of these “outliers” are the standard materials, such as K, which is purely kaolin 
clay, and others include D-2, highly organic pond sediments, and D-5, mine tailings.  
Table 20 provides a summary of the aforementioned data, where the variability of the chemical 
properties of these soils also becomes evident. This variability in the chemical characteristic of 
soils may be the reason why even tightly clustered soils in Figure 41 behave so differently in the 
performance tests. 
 
 
Figure 40: Schematic of dredged material properties and origin (Gaffney 2001) 
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Figure 41: Scatter plot the study soils based on SOM, PI, and percent fines (% < 0.074mm) 
Elliot 
Loam 
Kaolin 
Ottawa and 
Tully Coarse 
Tully Fines 
D-2 
 
D-5 
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Table 19: Summary of the Aforementioned Data  
Sample ID 
(Name) 
D10 
(mm) 
D50 
(mm) 
< 0.074mm 
(%) 
Plasticity index Gsmax (total) 
Sphericity 
(#) 
K n/a n/a 80.00 36 2.36 - 
TS-f 0.0073 0.08 44.00 4 2.34 - 
TS-c 0.079 0.101 4.50 0 2.56 0.773 
OS 0.660 1.010 0.00 0 2.65 0.839 
ESL 0.002 0.170 38.00 16 2.59 0.834 
D-1 0.020 0.250 15.00 0 2.66 0.832 
D-2 0.002 0.160 33.00 70 2.12 0.764 
D-3 0.009 0.080 46.00 0 2.55 0.792 
D-4  -   -  83.00 5 2.16 - 
D-5 0.004 0.080 37.00 9 2.08 - 
D-6  -  0.130 29.00 24 3.00 0.804 
D-7 0.012 0.210 25.00 17 2.69 0.777 
D-8 0.012 0.400 16.00 29 2.51 0.797 
D-9 0.012 0.400 10.00 32 2.64 0.724 
D-10 0.013 0.220 24.00 12 2.65 0.781 
D-11 0.020 0.220 17.00 22 2.61 0.794 
D-12 0.015 0.180 19.00 36 2.59 0.787 
D-13 0.093 0.210 6.00 0 2.68 0.839 
D-14 0.003 0.110 38.00 43 2.50 0.803 
D-15 0.018 0.190 29.00 0 2.58 0.907 
Range: 0.658 0.93 83.00 70 0.92 0.183 
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Table 20: Continuation of Table 19 
Sample ID 
(Name) 
SOM (%) SSA (m^2/gm) C:N 
C.E.C 
(meq/100gm) 
pHw 
Zeta 
Potential 
(mV) 
PCD 
(meq/gm) 
K 0.00 14.74 1.99 1.12 3.69 -23.55 0.0295 
TS-f 0.81 11.83 114.43 24.90 8.34 -23.52 0.0022 
TS-c 0.59 4.94 398.00 DNT 7.72 -22.25 0.0039 
OS 0.00 0.49 BDL DNT 7.84 -19.47 0.0004 
ESL 6.86 63.94 11.18 13.78 6.56 -22.67 0.0136 
D-1 8.65 46.07 28.93 5.29 7.08 -27.62 0.0120 
D-2 24.08 141.08 13.91 17.25 4.87 -26.90 0.0419 
D-3 5.83 23.82 28.27 208.21 7.6 -18.26 0.0029 
D-4 2.71 9.44 211.93 21.33 10.12 2.63 0.0046 
D-5 55.43 94.36 171.66 43.57 7.32 -20.96 0.0050 
D-6 13.16 130.33 31.58 48.65 6.81 -6.71 0.0223 
D-7 12.06 57.50 27.31 7.25 6.74 -26.54 0.0131 
D-8 3.14 75.39 26.12 39.59 8.18 -12.27 0.0092 
D-9 3.61 75.22 21.69 32.45 8.21 -16.84 0.0103 
D-10 11.61 45.85 20.91 7.02 6.92 -28.60 0.0125 
D-11 10.72 37.77 31.73 6.06 6.62 -22.29 0.0129 
D-12 16.77 45.54 31.57 32.10 6.74 -19.47 0.0080 
D-13 1.24 20.74 8.81 7.12 7.64 -15.53 0.0042 
D-14 13.48 72.46 15.50 9.38 6.4 -27.06 0.0129 
D-15 9.98 90.25 21.13 35.93 7.4 -12.59 0.0040 
Range: 55.43 140.59 396.01 207.09 6.43 31.23 0.0415 
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Chapter 5 Test Results: Performance Tests 
 
5.1 Performance of Sediments 
Several performance tests (Sedimentation, Centrifuge, and PFT) were conducted on the select 
sediments.  
5.1.1 Sedimentation Test 
Sedimentation is the process by which particulate matter falls out of suspension by gravity. This 
process, through fairly easy to understand, becomes increasingly complex as the concentration of 
particulates of different sizes, shape, and mineral composition in suspension is increased. To 
understand the role of particle size and sediment concentration, sedimentation tests were 
performed on three different fractions of Tully Silt soil (#170 > #200, #200 > #230, #230 > 
#270). Basic properties for these sediments are given in Table 21. 
Table 21: Material Data for Tully Silt Tested for the Sedimentation Test 
Sample: Particle Size (mm): Sphericity: Specific Gravity: 
Tully Silt #170 - #200 0.074 - 0.088 0.658 2.67 
Tully Silt #200 - #230 0.063 - 0.074 0.628 2.66 
Tully Silt #230 - #270 0.053 - 0.063 0.645 2.64 
 
In the sedimentation process, as the concentration of the sediment is increased, both particle-
fluid dynamics and inter-particle interactions play an important role. A single particle settling in 
a fluid will reach a terminal velocity, and come to a stop once it hits the bottom of the container. 
If more particles are added into the solution, slight differences in shape, size, and mineralogy 
will allow for particles to settle out of suspension at different times and velocities. As these 
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particles move through the water, they experience drag, much like the single particle case. The 
difference being that the drag they experience gets transmitted to the particles above them, 
thereby increasing the resistance felt by other particles. Lastly, once the concentration of the 
particles in solution is extremely high, Brownian motion may take place, and an even greater 
resistance to the movement of the particles is generated by the increasing tortuosity of the 
particulate network.  
Sedimentation test data for Tully Silt #170 - #200 is given in Figure 42 for volumetric 
concentrations ranging from 0.04% to 0.27%. For each increase in the initial volume fraction 
(𝜙0), the sedimentation velocity (V [cm/s]) is calculated, which is the tangent slope of the 
sedimentation interface height versus time. The greater the initial volume fraction, the slower the 
sedimentation rate becomes, therefore the smaller the sedimentation velocity becomes.   
 
Sample: Tully Silt #170 - #200 Tully Silt #200 - #230 Tully Silt #230 - #270 
Minimum Velocity1 
(cm/s) 
0.073 0.051 0.024 
Maximum Velocity1 
(cm/s): 
0.398 0.303 0.120 
Note: 1 = Testing was carried out in triplicate  
By multiplying these velocities by their initial volume fraction (𝜙0), the flux rate is calculated. 
The flux rate is a material property, and depends on the viscosity of the liquid. As the volume 
fraction continues to increase the flux rate decreases. For this state, the permeability regime may 
be estimated using the Richardson-Zaki (1954) equations.  
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Figure 42: Sedimentation Test Data for Tully Soil 
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Figure 43 contains the data obtained from the sedimentation tests for the three fractions of Tully 
Silt tested. It is important to note for the three fractions that the plot depicts the typical peaks that 
were observed in the Kynch batch flux curves (Figure 18). Note that the bars shown in Figure 43 
represent the range in values of the measurements made. As can be seen, the larger the particle, 
the more pronounced is the peak. The smaller particles, although denser than water, settle at a 
much slower pace, therefore any additional upward forces, such as the drag produced by any 
neighboring particles have a more pronounced effect on the settling velocity. For this reason, the 
sediment with the smallest particles (Tully Silt #230 - #270) does not exhibit a pronounced peak. 
Although this test is fairly easy to conduct, there are many inherent limitations. Imprecise 
knowledge about the specific gravity of the sediment will lead to errors in the calculation of the 
volume fraction. Similarly, slight differences in the input energy during the agitation period prior 
to sedimentation may lead to differences in the sedimentation rate. Most importantly, at low 
concentrations, it is very difficult to identify the interface height. In order to reduce some of 
these uncertainties, only these three fractions of Tully Silt were tested as mono-dispersions. Tests 
conducted with poly-dispersed soils create a solution which becomes so murky that any 
interpretation of the sedimentation interface becomes very difficult, which is the reason why 
these tests were conducted with fractionated sediments, rather than the whole. 
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Figure 43: Flux Rate versus Volume Fraction 
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5.1.2 Centrifuge Test 
The centrifuge test is performed to assess the compressibility of the soils. Soils are composed of 
poly-dispersed, non-spherical, compressible and electrically charged particles, hence it becomes 
increasingly complicated to fully describe all the forces at when the soil is being compressed. As 
the soil becomes compressed, the volume it takes up is diminished. In other fields, this volume is 
referred to as the packing density. Many studies have been performed with regards to the 
maximum packing density, or maximum volume fraction of different solids in different 
containers. It has been found that the maximum volume fraction for perfectly frictionless spheres 
is roughly equal to 74.05%. This value is of no significance since it is for a highly idealized state, 
and thus the volume fraction usually obtained for non-frictionless spheres in practice is roughly 
63.4% (Song et al. 2008). These values are representative for mono-dispersed materials (particles 
of equal size), therefore it should be mentioned that poly-dispersed situations tend to increase the 
volume fraction, as there are smaller particles capable of filling in the voids generated by the 
larger particles (Farr et al. 2009). Alternatively non-spherical particles (ellipsoid, cubes, plates, 
and others) can either increase or decrease the volume fraction (Xiang et al. 2010). Mitchell 
(1993) reports mono-dispersed silts with void ratios up to 2.2 as compared to mono-dispersed 
sands with an upper limit void ratio of 1, due to the shape of the particles. The void ratio is 
another way of reporting the volume occupied by a solid, and can therefore be related to the 
packing density, as defined by equations 30 and 31: 
𝜙 =
𝑉𝑠𝑜𝑙𝑖𝑑
𝑉𝑡𝑜𝑡
= 1 −  𝑛;        (eq. 30) 
𝑒 =  
𝑛
1− 𝑛
;         (eq. 31) 
where 𝑛 is the porosity of the material and is unit-less, and 𝑒 is the void ratio of the material.  
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Thus far, much emphasis has been placed on the volume fraction of the material, given that it is 
of great importance to many fields. In pumping a slurry material into a geotextile tube for 
dewatering, one must always ask what the volume fraction of the sediments in the geotextile tube 
are. Although the largest possible volume fraction would seem like the best choice, for this 
industry, the dewatering time depends on the permeability of the soil, which decreases as larger 
volume fractions are reached as the void space becomes compressed. Therefore, some play 
between the dewatering time and final volume fraction is warranted. 
5.1.2.1  Centrifuge Test Data: Mono-dispersed Sediments 
Prior to showcasing the data obtained from the study’s sediments, a parametric study was 
conducted on mono-dispersed materials; spherical glass beads, non-spherical Ottawa Sand, and 
non-spherical/non-inert Tully Silt (Table 22). The results presented are the average of four 
individual tests for each sample. The purpose of this study was to understand the role of particle 
shape and size on the compressibility of these materials, in order to understand the behavior of 
the more complex and heterogeneous sediments.  
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Table 22: Summary of basic material properties for the sediments used 
Note: 1 = Sphericity was calculated by Louis Lafata, Syracuse University 
As was mentioned previously in 3.3.4 Centrifuge Test, the yield stress (𝑃𝑦(𝜙)) and volume 
fraction (𝜙) relationships are calculated using equations 26, 27, and 28: 
𝑃𝑦(𝜙) =  ∆𝜌𝑔𝜙0ℎ0(1 −
ℎ∞
2𝑅
) ;      (eq. 26) 
𝜙0 =
𝑀𝑠𝑜𝑖𝑙
𝐺𝑡𝑜𝑡∗𝜌𝑤𝑎𝑡𝑒𝑟
∗
1
(
𝑀𝑠𝑜𝑖𝑙
𝐺𝑡𝑜𝑡∗𝜌𝑤𝑎𝑡𝑒𝑟
+ 𝑉𝑤𝑎𝑡𝑒𝑟)
;     (eq. 27) 
𝜙 =  
𝜙0 ℎ0[1−
ℎ∞+𝑠
2𝑅
]
[(ℎ∞+𝑠)(1−
ℎ∞
𝑅
)+
ℎ∞
2
2𝑅
]
;       (eq. 28) 
The typical way to present this data is to plot the yield stress in the y-axis, and the volume 
fraction in the x-axis on a normal scale. Since the relationship between the two observed a power 
function, the normal plot would result in an asymptotic curve. The relationship between the yield 
stress and the volume fraction is given by the following form: 
Material: D (mm) Gs Shape Sphericity1 
Glass Bead #16 1.200 – 2.000 2.33 Spherical 0.99 
Glass Bead #60 0.251 – 0.422 2.34 Spherical 0.99 
Glass Bead #140 0.104 – 0.125 2.20 Spherical 0.99 
Ottawa Sand #60 0.250 – 0.595 2.61 Sub-Rounded 0.71 
Ottawa Sand #80 0.177 – 0.250 2.62 Sub-Rounded 0.68 
Ottawa Sand #100 0.149 – 0.177 2.56 Sub-Rounded 0.68 
Tully Silt #100 0.149 – 0.177 2.68 Sub-Angular 0.65 
Tully Silt #140 0.105 – 0.125 2.67 Sub-Angular 0.66 
Tully Silt #230 0.063 – 0.074 2.66 Angular 0.63 
Tully Silt #270 0.053 – 0.063 2.64 Angular 0.64 
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𝑃𝑦(𝜙) ∝ 𝑐 ∗ [(
𝜙
𝜙𝑔
)
𝑚
− 1] ;        (eq. 32) 
where 𝜙 is the volume fraction, and 𝜙𝑔 is the volume fraction at which stress begins to be 
transmitted through the network of particles (i.e.: gel point), and c and m are constants.  
From Figure 44, Figure 45, and Figure 46 it can be seen that as the particle size decreases for 
each sediment, the curve gets shifted to the right. This is because the gelation point becomes 
greater as particle size decreases. Figure 47 shows the relationship between the gel point and the 
mean particle diameter for Tully Silt. Gel points were calculated by curve fitting equation 32 to 
the centrifuge data with the aid of Origin, a statistical software package. 
Another point of note is that as the sediment moves away from the idealized situation of 
frictionless spheres to that of real soils, the curves tend to move away from the maximum 
volume fraction. Therefore, non-spherical particles (real-world sediments) tend to achieve a 
lower volume fraction, and non-spherical particles exhibiting repulsive forces with permanent 
charges tend to form even lower volume fractions. In comparing the glass beads, which formed 
the highest volume fraction (0.61), to Ottawa Sand (0.56) and Tully Silt (0.54), which formed 
lower volume fractions, this point becomes clearer. 
Lastly, the slope (m) of these curves depends on the compressibility of the material. The glass 
beads and Ottawa Sand are composed of quartz, which is inert and incompressible within the 
pressure gradients used. Results for these materials show very steep curves (Figure 44, and 
Figure 45), meaning that they require significant pressures for any compression to occur, which 
may additionally result in particle crushing. Tully Silt conversely, is not entirely composed of 
quartz, and is electrically charged; therefore it exhibits a gentler slope, which decreases as the 
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particle size decreases (likelihood of clay particles increases with decrease in size). Similarly, 
softer soils, more compressible soils containing high amounts of organic matter and significant 
amounts of fines are expected to observe gentler curves, meaning that the exponent (m) in 
equation 32 will have a lower value. 
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Figure 44: Yield stress versus volume fraction curve for glass beads of different sizes 
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Figure 45  Yield stress versus volume fraction curve for Ottawa Sand of different sizes 
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Figure 46: Yield stress versus volume fraction curve for Tully Silt of different sizes 
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Figure 47: Relationship between particle size and gel point for Tully Silt 
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5.1.2.2  Centrifuge Test Data: Poly-dispersed Sediments 
From both the chemical and physical test data obtained for each soil, it is clear that the selected 
sediments are extremely heterogeneous, thus they are far removed from the idealized materials 
discussed previously. The tests results presented are an average of four individual measurements. 
Figure 48 provides the yield stress versus volume fraction results for the standard sediments 
tested in this study. It can be readily seen that that as the soils go from a coarse grained soil 
Ottawa Sand (OS), to a fine grained, highly angular and electrically charged soil kaolin clay (K), 
the soil is able to exhibit a greater range of volume fractions. The slopes of the soils similarly 
range from very steep (OS), to very gentle (K). Ottawa Sand is coarse grained and inert, thus it 
settles into its final volume fraction quite rapidly and will observe no further increase in volume 
fraction until high pressures are applied. Kaolin conversely is composed of very small 
electrically charged particles, thus producing highly impermeable slurries requiring significant 
amounts of time before sedimentation may occur. This means that this slurry is highly 
compressible and may observe very large time dependent deformations under any increase in the 
applied pressure, as opposed to the soils consisting of quartz particles or sand sized particulates. 
The soils which are found in between the two extremes (OS, K), are silty soils with varying 
degrees of fines and organic matter. Shifting from Kaolin to Ottawa Sand, it can be seen that the 
organic matter produces a more compressible material than very fine silt, and that the Tully Silt 
of high amounts of fines is more compressible than its coarser state.  
Figure 50 through Figure 53 present the centrifuge results for the other soils. The reason for 
separating the data into two graphs was to eliminate clutter within the figure, since many of the 
soils overlap. It can be seen from Figure 50 and Figure 51 that most of these soils are silty in 
nature, observing compression curves that are between TS-c and TS-f. Figure 52 and Figure 53, 
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conversely showcases the more compressive soils, such as D-3, and D-8. These three sediments 
consist of FGD, and drilling fines, thus it was not unusual to see this more compressive behavior. 
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Figure 48: Yield Stress versus Volume Fraction of the Standard Sediments 
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Figure 49: Basic Properties of the Standard Sediments 
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Figure 50 Yield Stress versus Volume Fraction of the Study’s Sediments 
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Figure 51 Basic Properties of the Study’s Sediments 
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Figure 52 Yield Stress versus Volume Fraction of the Study’s Sediments 
a
a 
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Figure 54: Yield Stress versus Volume Fraction and Basic Soil Properties of  the Study’s Sediments 
Figure 53 Basic Properties of the Study’s Sediments 
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Table 23: Three parameters obtained from each yield stress curve 
Sample: Figure #: ∅gel m c 
k Figure 49 0.173 8.037 9.1E-02 
ESL Figure 49 0.234 11.456 3.6E-02 
TS-f Figure 49 0.304 19.183 2.1E-03 
TS-c Figure 49 0.465 52.906 1.3E-01 
OS Figure 49 0.544 95.808 3.4E-01 
D-6 Figure 51 0.22 73.01 3.1E-04 
D-14 Figure 51 0.22 30.62 1.3E-02 
D-7 Figure 51 0.23 28.04 2.2E-02 
D-12 Figure 51 0.25 28.88 2.2E-03 
D-10 Figure 51 0.26 29.79 1.1E-02 
D-11 Figure 51 0.26 22.54 9.0E-02 
D-8 Figure 53 0.19 10.98 5.1E-03 
D-3 Figure 53 0.193 9.154 1.4E-01 
D-5 Figure 53 0.224 19.614 2.0E-03 
D-1 Figure 53 0.256 27.541 1.1E-02 
D-15 Figure 53 0.29 32.37 1.8E-02 
D-13 Figure 53 0.32 35.86 6.0E-05 
 
Table 23 details the three parameters (𝜙𝑔, 𝑚, 𝑐) obtained from the data for each of the tested 
sediments. Although it was mentioned in the parametric study that the gel point increases as the 
mean particle diameter decreases, this cannot be said for poly-dispersed materials. Rather, OS 
observed the largest gel point, and K observes the lowest gel point. This apparent contradiction is 
due to differences in the particle shape, density, and mineralogy within the entire gradation of 
each sediment, thus causing differential sedimentation rates, which allows for the transfer of 
stress between particles to occur at different volume fractions (i.e.: gel point). Another point of 
interest from the table is the exponent m, which again, is lower for the more compressible soils, 
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and greater for the incompressible soils. This can be noted by comparing the two extremes, K, 
which observed a value of 8.04, and OS, which had a value of 95.81.  
5.1.3 Pressure Filtration Test (PFT) 
The pressure filtration test (PFT) represents the filtration behavior of slurries within a geotextile 
tube in practice. The PFT tests were performed at slurry concentration of 33% solids by mass 
(𝜙0 = 0.155 – 0.165 depending on the specific gravity) and then pressure (5psi [34.5kPa]) is 
applied which forces any free water to drain through the resulting filter cake. The filter cake is 
merely the accumulation of particulate matter on top of the geotextile. This filter cake is 
responsible for the separation of fines from the effluent and governs the flow rate. The PFT 
replicates the field conditions, but it only valid for the 1-D nature of the application and sustains 
a constant pressure over the course of the experiment. Since only the 1-D flow is simulated in 
this experiment, it is easier to understand the role of sediment properties and geotextiles in 
sedimentation and filtration during the first filling of the slurry into the geotextile (Figure 8b). 
In conducting this experiment, the test was divided into two parts; mono-dispersed sediments, 
and poly-dispersed sediments. This was done in order to clarify the role of some of the variables, 
which could not be explored for the more heterogeneous poly-dispersed case, much like what 
was done for the centrifuge data.  
The PFT, unlike the centrifuge tests, typically is expressed in terms of mass quantities, rather 
than volumetric quantities. This difference in terminology is the reason why sediments tested at 
the same solids concentration were tested at different initial volume fractions. In order to keep 
consistency with literature, the following PFT data is presented in terms of mass quantities rather 
than volumetric quantities, although the two are related. 
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5.1.3.1  PFT Data: Mono-dispered Sediments 
In order to better understand the role of particle size and pressure on dewatering behavior, a 
parametric study was conducted using three sieved Tully Silts. The results from the PFT 
presented are an average of three individual measurements. The properties and grain size 
distributions of these are given in Table 24. 
Table 24: Basic Soil Properties of Sediments used for the Parametric Study 
Material: D (mm) Gs Shape Sphericity1 
Tully Silt #200 0.074 – 0.088 2.68 Angular 0.65 
Tully Silt #230 0.063 – 0.074 2.66 Angular 0.63 
Tully Silt #270 0.053 – 0.063 2.64 Angular 0.64 
Note: 1 = Sphericity was calculated by Louis Lafata, Syracuse University 
The sphericity and specific gravity of these three soils were fairly similar, therefore the only 
variables at play are grain size and applied pressures. Figure 55 shows the typical results 
obtained by varying the applied pressure. The figure shows the relationship between the amount 
of water expelled from the slurry and its time duration. The volume was measured using a 
graduated cylinder to collect the effluent, and recorded at various time increments. 
.
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Figure 55: Pressure filtration test for Tully Silt #170 - #100 
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Figure 56: Influence of Grain Size on Dewatering Rate under No Applied Pressure (33% Solids) 
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Figure 57: Influence of Grain Size under 5psi [35kPa] Applied Pressure (33% Solids) 
132 
 
With no external pressure on the coarsest of the Tully Silt (#170 - #200), the dewatering time is 
relatively quick, 30 minutes (Figure 55), and decreases with increasing pressure to about 1.5 
minutes. Not only is the dewatering time decreased, but the amount of water that is squeezed out 
increased with the increase in pressure (≈ 40mL). Figure 56 shows the influence of particle size 
under self-weight conditions and no external applied pressure. The graph is cut off, since the 
time duration for Tully Silt #230 - #270 was more than 3 hours, which is much greater than the 
time needed for the coarser sediments. Figure 57 depicts how although there is a large difference 
in the dewatering time of under self-weight conditions, the addition of an applied pressure 
(35kPa) decreases the effect of particle size. The initial portions of the curve depict what would 
be expected; greater values for the coarser sediments, but, after 20 seconds, Tully Silt #200 - 
#230 became slightly clogged and thus reduced its dewatering rate. The total time to dewater all 
of these soils less than 1 minute. 
5.1.3.2  PFT Data: Poly-dispered Sediments 
Similar to the parametric study on mono-dispersions, the PFT results presented in this section are 
an average of three individual measurements. In Figure 58 PFT results for three of the standard 
sediments (OS, TS-f, TS-c) are given. The fourth standard, K¸ could not be plotted since the 
kaolinite slurry, once poured into the container, came out through the geotextile and thus failed 
by piping, which is defined as an excessive loss of soil particulates. The fifth standard material, 
ESL, could not be tested, since not enough of the material was available to conduct this 
experiment. The general trend observed by these three standard soils (OS, TS-f, and TS-c) is that 
sandy sediments dewater faster and retain less water within the filter cake, as exhibited by the 
final percent solids concentration of the filter cake as compared to the finer soils (TS-f) 
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It should be noted that the shape of these dewatering curves can be broken down into three 
distinct regions; (a) the first of which is before the filter cake is formed, and some of the free 
water and fines can rapidly escape through the geotextile, (b) the second consists of a transition 
zone, which is more prominently displayed by compressible soils, (c) and the third zone is 
characterized by steady state flow regime until all free water has been expelled through the filter 
cake. These zones are most notably expressed in soil D-15, D-13, TS-c, and TS-f (Figure 58 and 
Figure 59). 
The PFT is an important test, since it can provide information regarding the percent dewatered 
(PD) and filtration efficiency (FE) of the system. The PD is a measure of how much fluid drains 
from the slurry. This parameter has been used as a performance index by many researchers (i.e.: 
Grzelak et al. 2011; Bhatia et al. 2013) and can be calculated as follows: 
𝑃𝐷 =
𝑤𝑖−𝑤𝑓
𝑤𝑖
∗ 100%        (eq. 3) 
Where 𝑤𝑓 is the final water content of the filter cake (%) and 𝑤𝑖 is the initial water content of the 
slurry (%). 
Additionally the PFT is an important performance test since it can provide an estimate of the 
final volume of a geotextile tube once it has been dewatered. Figure 60 relates the 𝑃𝑆𝑓 
concentration of the filter cake to its measured thickness. Although some soil loss is expected 
during these tests, all of the soils observed negligible soil losses (< 1.5gm), except for D-15, 
which lost about 3 grams before the filter cake prevented any further loss. This “excessive” soil 
loss also explains the significantly elevated turbidity measurements observed for this test. The 
results plotted in Figure 60 are the average water contents and thicknesses obtained from 
triplicate testing, where the test was stopped once no more than 1mL was recorded over a 5 
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minute time span. These water contents are of importance since they represent estimates about 
the volume requirements of a project. Given that even with all the heterogeneity between 
samples, there is an apparent trend between moisture content and thickness, this proves to be a 
strong indicator of the final volume for the slurries. 
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Figure 58: PFT for the Standard Materials (33% Solids) 
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Figure 59: PFT and Basic Soil Properties for Eight of the Tested Sediments (33% Solids) 
D-1, D-11, D-12 
D-7, D-10, D-14 
D-15 
D-13 
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From Figure 59 it can be seen that most if the soils behave like a sandy/silty sediment, they have 
similar curves to that of OS and TS-c.  Only two of the soils (D-13, and D-15) stand out for 
having requiring a larger amount of time before dewatering was completed. Soil D-13 is the most 
uniformly graded soil (Cu = 2.5), and compared to the others (Cu = 30 on average), but the small 
amount of fines found in the soil are very well graded, which hints at a separation between the 
coarse and the finer portion during sedimentation, which would result in clogging. Figure 68 is a 
photograph of D-13, which shows a distinct delineation between the two fractions of the soil, and 
confirms that the fines in the filter cake govern the dewatering rate of this sediment. As for soil 
D-15, it is comparably graded to the other soils, but has a large fraction of fines. This soil also 
exhibited the most amount of soil loss through the geotextile, which suggests that clogging of the 
geotextile occurred. This can be seen in Figure 59 by the staggered curve, where the initial 
portion is similar to those of the other soils, but slows down at certain points during the test.  
 
Another point of interest is that even though most of the soils were dewatered within a short time 
frame and under the same pressure gradient, the volume of water retained in the filter cake 
varied. This variation is due in part to capillary forces, soil cohesion, and the organic content of 
the soil. These properties are responsible for the entrapment of water within the soil matrix, 
therefore decreasing the percent solids of the sample, and increasing the height of the filter cake. 
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Knowledge about the final water content and 𝑷𝑺𝒇 of the filter cake is important, since it dictates 
the total volume reduction of the geotextile tube. This reduction in the volume therefore allows 
for multiple fillings. The scatter in the data is due in part to the specific gravity of the sediments, 
since mineralogical differences produce volumetric differences for the same mass, therefore 
resulting in different filter cake thicknesses for similar percent solids concentrations.  
5.2 Performance of Sediments with Flocculants 
5.2.1 Jar Testing / Turbidity of the Supernatant 
Jar test results presented are taken from the average of three individual measurements. Jar tests 
were conducted for two of the standard soils (K, TS-f), and on thirteen of the natural soils. The 
soils which were omitted include OS, and TS-c because they are very coarse grained materials 
which require no chemical conditioning for sedimentation to occur, and ESL since not enough 
soil was available for this test. Table 25 and Table 26 lists the results from the Jar test, along 
with the 𝑃𝑆 and 𝜙 concentration utilized, the optimum dose, and the turbidity at optimum dose. 
Figure 60 Relationship between Final Filter Cake Thickness and Percent Solids 
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The optimum dose was chosen as the average concentration of PAM at which the turbidity of the 
supernatant was lowest (≈ 30 NTU). The optimum dose depended on the soil type. For some 
soils, even if no flocs were visibly suspended during the measurement, the supernatant could be 
colored (murky). This murkiness is due to the colloidal fraction being suspended. In general, a 
low turbidity value was considered to be below 25 NTU, but when exceedingly large doses of 
polymer were required to produce an insignificant decrease in the turbidity reading, which would 
lead to exceedingly expensive operational costs, a judgment call was made. Figure 61 shows the 
turbidity of the supernatant at different PAM concentrations for three different sediments (D-5, 
D-7, and D-13) at 15% solids using C-PAM-X. For each of the tested sediments, three tests were 
performed in order to determine the average optimum dose, as represented by the solid lines in 
Figure 61. It should be noted that the three sediments presented in Figure 61 were chosen to 
represent the various degrees of scatter that was observed in performing the Jar Tests. When 
scatter became more prominent, selecting the optimum dose became a judgment call. 
As can be seen from the results given in Table 25 and Table 26 scatter was observed for 
each polymer/sediment combination regardless of the charge density. The results are interesting 
because the charge density increases from C-PAM-I to C-PAM-X, and yet the optimum dose 
does not necessarily decrease or increase. This variability is a result of the different mechanisms 
at play during the flocculation process, charge neutralization is one of the mechanisms 
responsible for aiding the process, but it is not the governing factor. Another point of interest is 
that the turbidity at the optimum dose increases slightly with an increase in polymer charge 
density roughly half the time, and some soils show no trend.  
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Table 25: Optimum Dose, Turbidity, and  %Solids Concentration for Jar Tests 
Soil: 
Percent 
Solids 
Volume 
Fraction 
Polymer: C-PAM-I 
Charge Density  = 1.15 (meq/gm) 
Polymer: C-PAM-V 
Charge Density  = 1.80 (meq/gm) 
Optimum 
Dose: (ppm) 
Scatter 
Turbidity 
(NTU) 
Optimum 
Dose: (ppm) 
Scatter 
Turbidity 
(NTU) 
K1 10 0.045 150 Low 20 80 Low 13 
TS-f 15 0.070 125 Low 5 100 V. Low 6 
TS-c n/a2 n/a n/a n/a n/a n/a n/a n/a 
OS n/a n/a n/a n/a n/a n/a n/a n/a 
ESL NES3 NES NES NES NES NES NES NES 
D-1 15 0.062 35 High 50 35 High 45 
D-2 5 0.024 20 V. Low 23 20 Med 25 
D-3 NES NES NES NES NES NES NES NES 
D-4 NES NES NES NES NES NES NES NES 
D-5 15 0.078 40 Med 100 45 Med 100 
D-6 5 0.017 20 V. Low 20 20 Low 20 
D-7 15 0.062 15 High 17 40 High 20 
D-8 10 0.042 150 Low 20 120 V. Low 20 
D-9 15 0.063 NES NES NES 135 High 50 
D-10 15 0.062 35 Med 20 50 Low 20 
D-11 15 0.063 15 High 20 25 High 25 
D-12 15 0.064 90 Med 40 50 High 45 
D-13 15 0.062 10 V. Low 14 10 V. Low 20 
D-14 15 0.066 50 V. Low 18 40 Low 20 
D-15 5 0.020 15 V. Low 20 20 V. Low 10 
Note: 1  = Tested by Mahmoud Khachan, Syracuse University  
2 = No need to flocculate 
3NES  = Not enough soil remained in order to conduct testing at any solids concentration 
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Table 26: Continuation of Table 25 
 
 
 
 
 
 
 
 
 
 
Note: 1  = Tested by Mahmoud Khachan, Syracuse University  
2 = No need to flocculate 
3NES  = Not enough soil remained in order to conduct testing at any solids concentration 
Soil: 
Percent 
Solids 
Volume 
Fraction 
Polymer: C-PAM-X 
Charge Density  = 2.85 (meq/gm) 
Optimum Dose: (ppm) Scatter Turbidity (NTU) 
K1 10 0.045 80 Low 9 
TS-f 15 0.070 75 V. Low 8 
TS-c n/a2 n/a n/a n/a n/a 
OS n/a n/a n/a n/a n/a 
ESL NES3 NES NES NES NES 
D-1 15 0.062 15 Med 43 
D-2 5 0.024 30 Med 20 
D-3 NES NES NES NES NES 
D-4 NES NES NES NES NES 
D-5 15 0.078 40 Low 65 
D-6 5 0.017 20 Low 20 
D-7 15 0.062 20 Med 22 
D-8 10 0.042 75 Low 20 
D-9 15 0.063 75 High 75 
D-10 15 0.062 30 Low 30 
D-11 15 0.063 20 High 20 
D-12 15 0.064 30 Med 45 
D-13 15 0.062 25 V. Low 20 
D-14 15 0.066 30 Low 35 
D-15 5 0.020 20 Low 11 
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Figure 61: Jar Tests for D-13, D-5, and D-7 at 15% Solids using C-PAM-X 
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5.2.2 Centrifuge Test Results 
The results presented in this section are the average from four individual measurements. The 
centrifuge tests with PAM were performed on all the sediments except for D-3, and D-15, since 
not enough sample was available. These tests were performed at their individual optimum doses 
and at 33% solids by mass.  
 
Figure 62 details the results for soil D-8 with no polymer conditioner and with C-PAM of 
varying charge densities. These results exemplify the typical results obtained from several 
sediments in this study (D-1, D-5, D-7, D-10, D-11, D-12, and D-14). The reduction in the 
volume fraction could also be observed by comparing the final height of the control group 
against those that were conditioned. The height of the sediments in the control group were almost 
always smaller than that of their conditioned counterparts. 
 
Figure 62: Yield Stress versus Volume Fraction for soil D-8 
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In Figure 63, results for sediment D-1 show the typical behavior of this sediment when 
conditioned with C-PAM. These results in particular were chosen to contrast with D-8 (Figure 
62), to show how the charge density of the polymer affects the soil. For D-1, the curves are not 
shifted according to the charge density, while for D-8 observed a greater shift depending on the 
charge density of the polymer. Additionally, the results for D-1 show a more pronounced 
separation between the different polymers, as compared with D-8. These differences in the shift 
cannot be correlated to the dose used for each polymer, and must therefore be due to the 
chemical differences of the sediments, and how the polymer adsorbs onto the particle surface. 
  
Figure 63: Yield Stress versus Volume Fraction for soil D-1 
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5.2.3 Pressure Filtration Test Results 
The tests results presented in this section are the average from triplicate testing. Pressure 
filtration tests were conducted only on the following soils: TS-c, TS-f, D-1, D-7, D-10, D-11, D-
12, D-13, D-14, and D-15, based on the remaining amount of soil. All of these were tested at 
33% solids concentration and conditioned only with C-PAM-X at their individual optimum dose. 
Conditioning the soils prior to PFT testing should result in an increase in the dewaterabilty of the 
slurry. The sediments tested in PFT consisted of sandy/silty soils, therefore the dewaterability of 
the soil without chemical conditioning was already high. This meant that the addition of C-PAM-
X would resulted in minimal improvements for those soils. In Figure 64, results for D-10 are 
shown. Soil D-10, being one of these coarser grained sediments, therefore observed a fast 
dewatering rate, which was slightly improved by the addition of C-PAM-X. 
 
As can be seen in Figure 64, the rate at which water is allowed to drain through the filter cake is 
slightly improved. The rate of dewaterability of the filter cake depends on the grain size 
distribution of the soils, which is altered by the addition of C-PAM and its flocculation of the 
Figure 64: PFT results for  D-10 with and without polymer conditioning 
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fines into larger particulates, thus the increase in the dewatering rate As for the slight increase of 
the retained water in the filter cake at the end of the test, it may be due in part to the hydrophilic 
nature of PAM, which may entrap some water within the pores. 
As can be seen from the Figure 65, sediments D-13 and D-15’s dewatering rates improved 
significantly with the addition of C-PAM-X. The dewatering time for both of these soils was 
reduced by more than half, and only a minor increase in the final water content of the filter cake 
was observed. These improvements follow the general trend shown by the sediments with 
significant amounts of coarser grains.  
Figure 65: PFT for D-13 and D-15 with and without polymer conditioning 
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Figure 66 shows the height of the filter cake height at the end of the test for both the control (no 
polymer) and the conditioned case. As can be seen, for most soils, the cake height increased 
slightly, except for soil D-15, and the most prominent increase was observed by TS-f. 
 
Below are a series of photos of the filter cake taken at the end of the PFT for the soils presented 
above (D-10, D-13, and D-15). The photos depict both the control group and the polymer 
conditioned group. 
Soil D-10 contained about 12% SOM, and 24% fines, thus producing this darker colored soil. 
Things to note from Figure 67 are the collection of debris which formed on the top of the filter 
cake, and how segregation occurred in the unconditioned test, while the conditioned filter cake 
looks more homogeneous. The debris ends up collecting on top, since it is made up of materials 
which float, so they only collect once the free water is drained. As for the segregation, this is a 
result of the sedimentation process by which larger particles settle faster out of suspension, thus a 
Figure 66: Cake height at the end of PFT for both control and conditioned soils 
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particle size gradient is formed from the face of the geotextile to the face of the filter cake. On 
the polymer conditioned soil, visually it appears as if it’s slightly more homogeneous, this may 
be due to the aggregative effect of C-PAM 
 
Soil D-13 contains about 2% SOM, and 6% fines, with an average particle size of 0.21 mm. Its 
grain size distribution suggests it is well graded with a significant portion extending into the finer 
fraction, which results in a higher SSA value for such a sandy soil. This combination of sandy 
sediment with a very well graded amount of fines results in a disparate system, where the sands 
settle out of suspension, and then the fines build up above them as the water is drained (Figure 
68). 
 
 
 
D-10: Control D-10: C-PAM-X 
Figure 67: Photo of D-10 at the end of PFT with and without polymer conditioning 
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The same can be said about soil D-15, with a low amount of SOM and 30% fines, the median 
size particle is still 0.19 mm. During sedimentation larger particles accumulate near the 
geotextile, while the finer sediments builds up on top. This soil seems to contain 
montmorillonite, based on scanning electron microscope (SEM) imaging, and its ability to shrink 
drastically through the drying process. This montmorillonite turns the slurry into a very weak 
paste, as can be seen in the picture from the control group (Figure 69a), which resembles the 
consistency of putty. Once it has been conditioned with C-PAM the finer fraction no longer 
behaves like a pasty substance, it becomes slightly stiffer as can be visually determined from 
Figure 69b, and a slight decrease in the height of the filter cake was observed. This decrease in 
the swelling potential concurs with PAM as noted by Inyang et al. (2007), who evaluated the 
volumetric swelling potential of Na-Montmorillonite under various polymer conditioners, and 
found that C-PAM produces a volumetric swelling ratio three to four times lower than with 
water. Additionally, the addition of PAM resulted in an increase of the unconfined shear strength 
of D-15, which was increased from 0.25 Kg/cm2 to 0.37 Kg/cm2.  
D-13: Control D-13: C-PAM-X 
Figure 68: Photo of D-13 at the end of PFT with and without polymer conditioning 
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The addition of C-PAM to sediments prior to performing PFTs results in a less turbid effluent, a 
faster dewatering rate, and a thicker filter cake. The turbidity is reduced through the aggregative 
effects of the PAM, and the formation of the filter cake, which inhibits the transport of the newly 
formed aggregates. These newly formed aggregated additionally create a larger filter cake, which 
means that a more open structure is formed. This open structure allows for water to permeate 
through the filter cake more readily, and thus expedite the dewatering rate.  
 
 
 
  
D-15: C-PAM-X D-15: Control 
Figure 69: Picture of soil D-15 at the end of PFT with and without conditioning 
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Chapter 6 Discussion and Conclusions 
 
Thus far, a lot of information has been presented regarding the physicochemical properties of 
each sediment and their performance test results, but not much has been stated regarding 
correlations between the two. Although Chapter 3 was dedicated to the chemical measurements 
of each sediment, few trends were observed throughout this study regarding the relationship 
between the chemical properties of the sediments to their performance tests. This may be due in 
part to the fact that some of these chemical properties may be interacting simultaneously and 
negate their individual effect, thus making their individual effects difficult to observe. The 
physical properties, conversely, were observed to play a major role in the performance of these 
sediments.  
The following is a discussion of the trends that were observed, their implications, limitations, 
and concluding remarks. 
6.1 Yield Stress Parameters 
It was mentioned earlier that the yield stress curves have been shown to follow equation 32: 
𝑃𝑦(𝜙) ∝ 𝑐 ∗ [(
𝜙
𝜙𝑔
)
𝑚
− 1]         (eq. 32) 
Table 27 details the three parameters (𝑐, 𝜙𝑔, and 𝑚) obtained through by curve fitting the data 
obtained from the centrifuge test without PAM. These three unknowns are essential for being 
able to describe the relationship between the yield stress and the volume fraction of the tested 
sediments.  
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Table 27: Yield Stress Parameters for Centrifuged Sediments 
Sample: c ∅g (v/v) m Sample: c ∅g (v/v) m  
k 0.09 0.17 8.04 D-7 0.02 0.23 28.04 
TS-f 0.00 0.30 19.18 D-8 0.01 0.19 10.98 
TS-c 0.13 0.47 52.91 D-10 0.01 0.26 29.79 
ESL: 0.04 0.23 11.46 D-11 0.09 0.26 22.54 
OS 0.34 0.54 95.81 D-12 0.00 0.25 28.88 
D-1 0.01 0.26 27.54 D-13 0.00 0.32 35.86 
D-3 0.14 0.19 9.15 D-14 0.01 0.22 30.62 
D-5 0.00 0.22 19.61 D-15 0.02 0.29 32.37 
D-6 0.00 0.22 73.01   
 
The gel point (𝜙𝑔) dictates at what volumetric fraction (𝜙) stress begins being transmitted across 
the network of particles. The experimental data shown in Figure 70 indicates that the gel point 
depends on the gradation of the sediments. As is shown in Figure 47 as the size of the particle 
decreases, the gel point increases, but this held true only for the mono-dispersions. Therefore, a 
particle size could not be the determining factor, so instead, the specific surface area and D10 
were considered. The results obtained show that SSA and D10 serve as good indicators for 
determining the gelation point of a given sediment. The p-value obtained for SSA was 0.09, and 
for D10 it was 0.0001. 
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Similarly, the m-value is the exponent, which indicates how compressible the sediment may be. 
A lower value is associated with more compressible sediments such as high plasticity clays, and 
the higher values are associated with less compressible sediments such as sands. The D10 of a 
sediment is related to many properties of the sediment, and additionally served as a way to 
estimate the compressibility of the sediment. Figure 71 shows the relationship between the m-
value and the D10 of the sediments. The relationship between the two is strong, and the p-value 
observed was 4.7x10-6. 
 
 
 
 
 
Figure 70: Estimated Gel Point based on SSA and D10 
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For both the gel point and the compressibility of the sediment, it is fitting that the parameters 
governing the compressibility and stresses depend on the physical characteristics of the 
sediment. 
6.2 Yield Stress Parameters and Polyacrylamide 
Although some relationships exist between the gel point, the m-value, and the physicochemical 
characteristics of the soil, when the soil is conditioned with PAM the situation becomes more 
complicated. Figure 72 shows the different gel points for each sediment with and without 
chemical conditioners. It can be seen that there exists no general trend between charge density of 
PAM and gel point, meaning that as the charge density increases, the gelation point does not 
necessarily increase or decrease. Additionally, since no characterization was physicochemical 
characterization was performed on the sediments post-conditioning, no correlations may be made 
to these.  
Figure 71: Relationship Between D10 and the Compressbility of the Sediment 
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Figure 72: Gel Point with and without Polyacrylamide 
156 
 
As for the compressibility of the sediments, the polymers adsorbed on the particle surface may 
be assumed to behave like springs on the surface of the particulates. Figure 73 is formatted the 
same way as in Figure 72, showing both the unconditioned and conditioned values of m, on the 
y-axis, and the different sediments on the x-axis. The general trend from this plot is that the m-
value decreases with the addition of polyacrylamide. Although visually, there is a lot of variation 
between the m-value and the each individual polymer, it should be noted that each of these 
sediments were tested at their respective optimum dose, which showed no correlation with the 
charge density of the polymer. 
 
These three polymers (C-PAM-I, -V, -X) are all high molecular weight polymers of differing 
charge densities. Although the charge density is different, the viscosity for each polymer is 
relatively the same, due to the similar molecular weights. Therefore, the compressibility of the 
sediment after is has been conditioned with PAM depends on the dose used.  
 
Figure 73: Change in the m-value due to polyacrylamide 
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6.3 Pressure Filtration and Yield Stress 
It has been mentioned that the pressure filtration test provides information regarding the 
permeability of the sediment, and the yield stress data provides information regarding the 
compressibility of the sediment. Although these two performance tests are carried out under very 
different time scales, and may not be directly compared, they are related. Compression takes 
place under very different time scales. As the process of consolidation occurs, compression takes 
place. This compression will increase the volume fraction of the sediment and therefore lower 
the void ratio. Since the hydraulic conductivity (permeability) of the sediment is directly related 
to the void ratio, it is understood that the permeability of the sediment will also be reduced. 
Knowledge about the gradation of the sediment and its compressibility therefore indicated to the 
long term performance of the sediment. Once the first fill of the geotextile tube is carried out, 
consolidation takes place. If the sediment is well graded, the permeability will be lower than that 
of uniformly graded sediment. Given this information, if the sediment is compressible, by the 
time the second filling occurs, the amount of water which will be able to permeate through the 
original filter cake will be dramatically reduced, no matter what the gradation of the sediment 
may be. 
6.4 Conclusions 
This study has considered 15 different sediments from across the US and Canada, compared 
them against 5 standard sediments, and performed parametric studies on select soils of specific 
gradations and properties. Having chemically and physically characterized all these sediments 
and then subjecting them to performance based testing, a few conclusions may be drawn from 
the study.  
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- In considering the compressibility of given sediments, the amount of organic matter, the 
specific surface area, and the finer fraction of the soil is of great importance. The specific 
surface area of the sediment is important, since it serves as an indirect measure of the 
amount of clay particles and organic matter in the soil. Both of which increase the 
compressibility of the soil, given that both organic matter and clays tend to be more 
compressible than coarse grained particles. Although D10 and SSA are both physical 
parameters and are related to each other, the presence of clay is not defined by the SSA, 
given that kaolin is a pure clay and had a relatively small SSA compared to some of the 
other sediments. Therefore, the combination of both SSA and D10 better helps to indicate 
the nature of the sediment and predict the compressibility of the sediment. 
- In considering the compressibility of sediments conditioned with polyacrylamide, the size 
of the dose used is important. All things kept constant, the higher the optimum dosage 
required for flocculation, the more compressible the sediment will be. This is due to the 
fact that the polyacrylamide is a high molecular weight polymer, which adsorbs onto the 
particle surface, while leaving the non-charged sections freely protruding from the 
surface as loops and tails. The loops and tails act like springs which in turn create a more 
open structure, which is more compressible than the soil by itself. 
- For the dewaterability of the sediments, uniformly graded soils with fines (as exhibited 
by D-13) are likely to require a longer period of time to dewater due to the formation of a 
secondary filter cake composed of fines, rather than a filter cake composed of both coarse 
and fine particles. The formation of this secondary filter cake will govern the flow regime 
for the system and hamper the flow of water.  
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- When adding flocculants for the improvement of the dewaterability of sediments, the 
modified jar test used in this study proved itself to be useful in determining an adequate 
dose, given its much shorter time duration. Although only very minor visual differences 
could be noted between the soils tested in PFT without conditioning and with 
conditioning, the results showed marked improvement for soils having a low dewatering 
rate. 
- The physical characteristics of the sediments were observed to be the more important 
variables, as opposed to the chemical properties of the sediment when considering their 
effect on dewatering and filtrations. Specifically, the gradation of the sediment is the 
most important parameter in considering the sedimentation and filtration properties. The 
chemical properties such as pH, CEC, C:N, etc., were not found to play an important role 
in this study. The chemical properties are more important in considering the type of 
chemical conditioner to use and the dose. Although this study did include a segment 
concerning the optimal dose of polyacrylamide to the different sediments, given the 
scope of this study, no viable relationship was found between the different chemical 
properties to the dose of polyacrylamide used. 
6.5 Future Study 
Although much work has been carried out in attempting to determine the characteristics of the 
soil which affect its performance, this study has its limitations, therefore further study is 
required. In order to better characterize the soils, a principal component analysis should be 
carried out regarding the dosing of the soils. Principal component analyses are statistical tools 
used find patterns within datasets of many variables. These patterns may be used to aid in 
understanding what the most important variables regarding the performance of sediments are. In 
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this case, it would be used to look at what physical/chemical characteristics are more important 
in determining the optimum dose of different soils. Another aspect of this study which would 
benefit from further study would be the issues regarding poly-dispersity. Parametric studies are 
great for studying one variable at a time, but the sediments used in this study were fairly 
homogeneous; grain size for each sediment fell within a tight band, as compared to the total 
range that may be observed by a natural sediment. Similarly, tests such as the sedimentation test, 
which are measured manually would greatly benefit from some automated form of measurement, 
especially for the poly-dispersed case. Given that the sedimentation process of a poly-dispersed 
soil contains many interactions and creates a clouded supernatant, instrumentation is available 
that may record more accurately and surpass the limitation of the human eye. Other areas of 
interest for future studies include the wetting time and waiting time prior to performing a PFT. 
The PFT involves taking dried soil and mixing it with water, although it is vigorously mixed, I 
believe that the water is not able to penetrate the soil fully within the relatively short time span of 
an hour. This increased wetting time may allow for water to penetrate into the interstitial layers 
of clayey sediments and thus produce a more viscous and impermeable slurry. Similarly, in 
performing the PFT, once the soil is placed within the dewatering chamber, it has enough time to 
allow for some sedimentation to occur, prior to the opening of the valve. This sedimentation 
allows for the creation of a filter cake, prior to the beginning of the test. This initial filter cake 
should be studied in order to ascertain if it plays an important role in determining the dewatering 
rate of the system, or if it is a negligible process. 
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Appendix 
A.1 Standards Utilized 
ASTM D2974-07a. (2007). “Standard Test Methods for Moisture, Ash, and Organic Matter of 
Peat and Other Organic Soils”, West Conshohocken, PA, USA. 
ASTM D422-63. (2007). “Standard Test Method for Particle-Size Analysis of Soils”, West 
Conshohocken, PA, USA. 
ASTM D4972-01. (2007). “Standard Test Method for pH of Soils”, West Conshohocken, PA, 
USA. 
ASTM D6913-04. (2009). “Standard Test Methods for Particle-Size Distribution of Soils Using 
Sieve Analysis”, West Conshohocken, PA, USA. 
ASTM D854-10. (2010). “Standard Test Methods for Specific Gravity of Soil Solids by Water 
Pycnometers”, West Conshohocken, PA, USA. 
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A.2 Sample Calculations 
A.2.1 Sedimentation Test 
An example of how to calculate the batch flux curve from a sedimentation test data: 
 Time versus volume data for 5 different soil concentrations by mass 
Time 10% Time  20% Time 30% Time  40% Time 50% 
(sec) (cm^3) (sec) (cm^3) (sec) (cm^3) (sec) (cm^3) (sec) (cm^3) 
10.0 322.5 10.0 350.0 10.0 365.0 10.0 372.5 10.0 380.0 
20.0 260.0 20.0 300.0 20.0 327.5 20.0 350.0 20.0 368.5 
30.0 181.5 30.0 251.5 30.0 295.0 30.0 327.5 30.0 355.5 
40.0 120.0 40.0 205.0 40.0 255.0 40.0 307.5 40.0 346.5 
600.0 34.0 50.0 162.5 50.0 222.5 50.0 282.5 50.0 333.5 
-  -   60.0 100.0 60.0 195.0 60.0 260.0 60.0 322.0 
-  -   70.0 75.5 80.0 123.5 70.0 235.0 70.0 306.5 
-  -   80.0 73.0 600.0 117.5 80.0 205.0 80.0 289.5 
-  -   600.0 71.5 -  -   100.0 178.5 100.0 264.5 
-  -   -  -   -  -   600.0 173.5 600.0 232.0 
  
Divide by the internal area of the graduated cylinder to end up with height (cm)  
Time 10% Time  20% Time 30% Time  40% Time 50% 
(sec) (cm) (sec) (cm) (sec) (cm) (sec) (cm) (sec) (cm) 
10.0 18.7 10.0 20.3 10.0 21.2 10.0 21.7 10.0 22.1 
20.0 15.1 20.0 17.4 20.0 19.0 20.0 20.3 20.0 21.4 
30.0 10.6 30.0 14.6 30.0 17.1 30.0 19.0 30.0 20.7 
40.0 7.0 40.0 11.9 40.0 14.8 40.0 17.9 40.0 20.1 
600.0 2.0 50.0 9.4 50.0 12.9 50.0 16.4 50.0 19.4 
-  -   60.0 5.8 60.0 11.3 60.0 15.1 60.0 18.7 
-  -   70.0 4.4 80.0 7.2 70.0 13.7 70.0 17.8 
-  -   80.0 4.2 600.0 6.8 80.0 11.9 80.0 16.8 
-  -   600.0 4.2 -  -   100.0 10.4 100.0 15.4 
-  -   -  -   -  -   600.0 10.1 600.0 13.5 
  
Plot the data and obtain the slope of the initial portion of the curves. The slope will be the  
 sedimentation velocity 
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Soil Mass 
(%) 
Soil Mass 
(gm) 
Specific 
Gravity 
Tot Vol. φ V0 (cm/s) V*φ (cm/s) 
10 42.66 2.65 400 0.0402 0.3988 0.0160 
20 91.38 2.65 400 0.0862 0.2725 0.0235 
30 147.56 2.65 400 0.1392 0.2001 0.0279 
40 213.07 2.65 400 0.2010 0.1367 0.0275 
50 290.41 2.65 400 0.2740 0.0731 0.0200 
 
Divide the mass by the specific gravity of the material, and then divide by the total 
volume to obtain the volume fraction (ϕ). Multiply the Volume fraction by the 
sedimentation velocity (V0), to obtain the flux velocity (V*ϕ) 
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A.2.2 Compressive Yield Stress Calculation 
An example of the compressive yield stress, Py(ϕ), calculation based off the centrifuge test data: 
 
Soil: Kaolin (#) Specific Gravity: 2.36 (#) 
Percent Solids: 33.33 (%) Density water: 1.00 (gm/cm3) 
Radius: 12.00 (cm) Volume Fraction: 0.175 (Φ0) 
Mass solid: 17.00 (gm) 
   
Mass water: 34.00 (gm) Slope “S”: -0.6176 (from plot) 
 
 
 
RPM: Acceleration (cm/s^2): Gravity: ln (g): 
Tube Height (cm) Height(cm): 
Py (kPa) φ 
20 7.8 
0.00 981.00 1.00 0.00 17.8 7.8 0.12 0.19 
300.00 10800.00 11.01 2.40 16.23 6.23 1.48 0.24 
400.00 19200.00 19.58 2.97 15.65 5.65 2.72 0.27 
600.00 43200.00 44.05 3.79 15.32 5.32 6.24 0.29 
800.00 76800.00 78.31 4.36 14.9 4.9 11.33 0.32 
1000.00 120000.00 122.37 4.81 14.68 4.68 17.91 0.33 
1200.00 172800.00 176.21 5.17 14.43 4.43 26.13 0.36 
 
 
𝑃𝑦(𝜙) =  ∆𝜌𝑔𝜙0ℎ0(1 −
ℎ∞
2𝑅
) ; 
𝜙 =  
𝜙0 ℎ0[1−
ℎ∞+𝑠
2𝑅
]
[(ℎ∞+𝑠)(1−
ℎ∞
𝑅
)+
ℎ∞
2
2𝑅
]
; 
 
Tape Measure on Test Tube 
Equilibrium Height 
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A.2.3 Subset Selection for Multi-Linear Regression 
Data is placed in statistical software, such as Minitab. A subset selection algorithm is run, and 
the output may be interpreted:  
 
Best Subsets Regression: gel point versus D10, D30 …  
Response is gel point 
Variables 
in Subset 
R-sq R-sq (adj) Mallows Cp D10 D30 D50 D60 
% 
Fines 
Cu S SSA SOM Gs ζ PCD PI 
1 64.1 61.7 57 X 
            
2 74 70.3 40 X 
 
X 
          
3 89.8 87.4 11 X 
 
X 
 
X 
        
4 91.7 89 9.3 X 
 
X 
 
X 
  
X 
     
5 93.7 9.8 7.5 X 
 
X 
 
X 
   
X X 
   
6 94.2 90.7 8.4 X 
 
X X X 
   
X X 
   
7 95 91.1 8.9 X 
 
X 
 
X 
 
X 
 
X 
    
8 97.3 94.7 6.2 X 
 
X 
 
X 
 
X X X 
 
X X 
 
9 97.5 94.4 7.9 X 
 
X X X 
 
X X X 
 
X X 
 
10 97.8 94.2 9.3 X X X 
 
X X X X X 
 
X X 
 
11 98.1 94 10.7 X X X 
 
X X X X X 
 
X X X 
12 98.4 93.7 12.1 X x X X X X X X X 
 
X X X 
13 98.5 91.9 14 X X X X X X X X X X X X X 
 
 
The X represents which variables should are included in the subset. By comparing the R2 values 
and Mallow’s Cp value, the best subset may be determined with the appropriate amount of 
variables. Once a few subsets are selected, a regression analysis may be performed to determine 
the p-value for each individual variable and determine which subset works best: 
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Consider the p-value for each variable and decide if it meets the 
significance level you want (i.e.: p-value < 0.15) 
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A.3 Additional Pictures 
A.3.1 Pictures of the Dried Sediments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D-1 D-3 
D-5 D-6 
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A.3.2 Scanning Electron Microscope Pictures 
 
 
 
 
 
 
 
Kaolinite at 1,000X magnification   Tully Silt at 1,000X magnification 
 
 
 
 
 
 
D-14 at 5,000X magnification   D-8 at 5,000X magnification 
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D-4 at 1,000X magnification    D-6 at 10,000X magnification 
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